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ABSTRACT 

(This  Abstract  is  Unclassified) 


(U)  Subscale  (100  lb)  and  fullscale  (5000  lb)  rocket  thrust  chambers 
of  an  advanced  nonregeneratively  cooled  concept  were  designed,  fabricated, 
and  tested  for  durability  at  500  psi  chamber  pressure,  using  N^O^/O,  5 
N2O4-O.5  UDMH  propellants .  The  concept  employs  a  silicon  carbide- 
coated  graphite  thrust-chamber  liner  prestressed  in  compression  by  a  re¬ 
fractory  metal  outer  shell.  The  subscale  units  were  successfully  tested 
for  continuous  and  intermittent,  firing  durations  exceeding  600  seconds.  In 
the  subscale  tests,  the  inner  SiC  coatings  were  cracked  through  the  nozzle 
region,  but  did  not  oxidize  or  erode.  In  both  fullscale  rocket  thrust 
chamber  tests,  the  SiC  coating  fractured  catastrophically  during  the  ini¬ 
tial  5-second  test,  leaving  the  graphite  substrate  unprotected.  Test  results 
and  failure  analyses  indicate  that  a  practical  size /configuration  limit  was 
exceeded  for  this  structural  design  concept  in  progressing  from  the  1.75- 
inch  diameter  chambers  to  the  6.  0-inch  diameter  chambers.  Since  the 
silicon  carbide  is  highly  efficient  from  the  environmental  resistance  aspect, 
new  design  concepts  should  be  developed  to  circumvent  the  critical  size 
limitation. 
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I 

INTRODUCTION 

(U)  Rocket  propulsion  systems  needed  for  spacecraft,  ballistic 
missiles,  and  air-launched  missiles  of  the  future,  using  advanced  propellants, 
require  nonregeneratively-cooled  thrust  chambers  with  improved  capability, 
flexibility,  and  reliability.  Advanced  thrust  chambers  are  needed  which 
can  demonstrate  improved  performance  with  high-energy  propellants  opera¬ 
ting  at  higher  chamber  pressures  for  longer  firing  durations  and  with 
multiple  restart  capability.  Future  applications  of  new  thrust  chamber  con¬ 
cepts  also  demand  emphasis  on  additional  factors,  including  low  cost,  low 
weight,  simplicity,  reproducibility,  and  decreased  development  time. 

(U)  Research  in  the  area  of  high -temperature,  corrosion-resistant, 
and  thermal- shock- resistant  materials  has  resulted  in  several  promising 
materials  which  may  enable  thrust  chambers  to  fulfill  the  desired  charac¬ 
teristics.  One  of  the  most  promising  materials  to  become  available  for 
applications  to  such  advanced  thrust  chambers  is  a  silicon  carbide  (SiC) 
coated  graphite  composite  developed  at  Marquardt.  Before  this  program 
began,  the  outstanding  performance  of  this  composite  thrust-chamber  material 
had  been  repeatedly  demonstrated  at  Marquardt  with  N^O^/O.  5  ^H^-O.S 
UDMH  propellants.  Cumulative  firing  durations  ap  to  18-1/2  minutes  had 
been  achieved  at  a  chamber  pressure  of  100  psia.  The  vapor-deposited 
silicon  carbide  coating  is  highly  erosion-  and  oxidation- resistant,  and  had 
proved  to  be  an  extremely  effective  protective  coating  for  the  graphite  sub¬ 
structure. 

(U)  Previous  work  at  Marquardt,  under  a  Company- sponsored  Indepen¬ 
dent  Research  Program,  resulted  in  the  evolution  of  a  combined  heat  sink/ 
radiation  cooled,  prestressed  rocket  thrust  chamber  concept  capable  of  500  psi 
chamber-pressure  operation  using  high-energy  propellants.  The  design 
concept  incorporates  a  graphite  thrust-chamber  liner  coated  with  vapor- 
deposited  silicon  carbide. 
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The  entire  liner  is  prestressed  in  compression  to  accommodate  all  of  the 
predicted  chamber-pressure  loads,  including  any  ignition  spike,  or  thermal 
shock  loadings  encountered  under  startup  and  restart  conditions. 

(U)  Evidence  of  the  potential  of  this  nonregeneratively  cooled  thrust- 
chamber  approach  for  extending  liquid  rocket  thrust  chamber  technology  to 
higher  chamber  pressure  and  longer  firing  duration  with  associated  restart 
capability  was  thus  very  convincing.  Consequently,  the  present  program 
was  conducted  to  demonstrate  the  concept  capability  for  long-duration  (600 
sec)  multiple  restart  operation  at  500  psi  chamber  pressure  using  N^O^/ 

0.5  N^H^-O.S  UDMH  propellants.  The  program  consists  of  two  phases: 
analysis,  design  and  evaluation  testing  of  subscale  (100- lb  thrust)  chambers, 
and  the  design  and  fabrication  of  fullscale  (5000-lb  thrust)  chambers  for 
testing  at  AFRPL.  The  summary  report  (AFRPL-  TR-66-69)  covered  the 
Phase  I  subscale  thrust-chamber  evaluation  program,  and  this  report  covers 
the  Phase  II  fullscale  chamber  efforts. 

(U)  The  thrust  chamber  differs  very  little  from  well-proven  designs. 

It  uses  a  one-piece,  silicon  carbide-coated  graphite  thrust  chambei  liner 
backed  up  by  a  tantalum  alloy  sleeve.  The  shrink-fitted  sleeve  puts  the 
graphite  under  a  compressive  preload,  thereby  allowing  it  to  carry  all  pre¬ 
dicted  chamber-pressure  loads,  including  those  associated  with  'gnition 
pressure  spikes,  and  thermal  shock  stresses  due  to  rapid  heating,  despite 
the  inherently  low  tensile  properties  of  graphite.  Prior  to  the  initiation  of 
the  program,  this  particular  design  concept  had  been  verified  experimentally 
ty  thermal  cycling  and  pressure  spike  tests  in  a  laboratory  engine,  and  it  had 
seen  application  in  two  different  size  thrust  ch  "Tiber  s  (1.1  and  3,0  inch  inside 
diameter)  which  were  fabricated  and  tested.  The  1.1-inch  diameter  chamber 
was  hydrostatically  tested  at  room  temperature  to  more  than  5000  psi,  and 
was  also  successfully  tested  to  a  modified  Gemini  OAMS  duty  cycle  at  an  O/F 
ratio  of  1 . 6  nominal  ^nd  using  N^O^/MMH  propellants  at  a  chamber  pressure 
of  125  psi  with  no  measurable  throat  erosion. 
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(U)  Two  of  the  3.0-inch  diameter  chambers  were  previously  tested  at 
a  chamber  pressure  of  500  psi  for  short  times  with  a  slurry- type  propellant 
which  produced  higher  heat  fluxes  and  more  severe  erosion  problems  than 
are  experienced  with  the  -  50/50  combination  used  in  the  present  pro¬ 

gram.  The  results  of  those  tests  demonstrated  the  structural  integrity  and 
capability  of  the  design  concept  for  high-pressure  operation.  The  work 
reported  in  the  summary  report  further  demonstrated  the  capability  of  this 
design  concept.  Phase  I  of  this  program  consisted  of  three  major  tasks: 

1.  Subscale  chamber  analysis  and  design  study  which  included 
materials,  heat  transfer  and  structural  analyses  to  provide 
the  design  data  for  the  subscale  chambers. 

2.  Subscale  chamber  design  and  fabrication  incorporating 
selected  design  variations  including  chamber- shell  material 
and  thickness,  liner  coating  thickness,  and  liner  contour. 

3.  Hot-firing  test  evaluations  of  six  subscale  chambers  with 
a  goal  of  10-minute  continuous  or  intermittent  operation 
with  up  to  5  restarts.  Propellants  were  N^O^/O.S  N^H^- 
0.  5  UDMH  at  a  design  mixture  ratio  of  2.  0  and  a  chamber 
pressure  of  500  psia. 

(U)  The  results  of  the  subscale  chamber  evaluation  of  Phase  1  are 
summarized  in  the  following  paragraphs. 

(U)  The  design  of  the  subscale  chambers  was  based  on  the  results  of 
extensive  materials,  heat  transfer,  and  structural  analyses.  The  basic 
subscale  design  had  a  1,75-inch  diameter  by  3.58-inch  long  combustion 
chamber  with  a  0. 414-inch  diameter  throat,  exiting  to  sea-level  pressure. 

The  chamber  L*  wass:40.  The  chamber  diameter  was  fixed  by  the  size  of 
the  injector  face  selected  for  use  in  the  test  program,  and  the  chamber 
throat  size  was  dictated  by  the  propellant  flow  rates  achievable  with  the 
test  facility  and  injector.  The  chamber  liner  consisted  of  Carbone  2239 
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graphite  (l/4-inch  thick  wall)  coated  with  0.010  to  0.050-inch  thickness  of 
Marquardt  RM-005  vapor-deposited  silicon  carbide  on  all  surfaces.  The 
compression  shells  were  constructed  of  three  different  refractory  metal 
alloys:  Ta-lOW,  TZM,  and  l/2  Ti  Moly.  Nominal  shell  thicknesses  ranged 
from  0.080  to  0,200  inches.  Commercially  available  silicide  coatings  were 
used  on  all  shells. 

(U)  In  order  to  achieve  full,  even  contact  a. id  a  prescribed  interierence 
fit  (ranging  from  0.002  -  0.014  inches)  when  assembled,  both  the  cylindrical 
outer  surface  of  the  SiC-coated  liner  and  the  internal  surface  of  the  encasing 
shell  were  machined  to  very  close  tolerances.  The  assembly  was  accomp¬ 
lished  by  heating  the  coated  shells  in  air  to  between  2000°  and  3000°F  and 
rapidly  inserting  the  coatecl  graphite  liner.  A  total  of  seven  subscale  thrust 
chamber  assemblies  were  produced  for  testing. 

(U)  The  testing  of  the  completed  subscale  thrust-chamber  assemblies 
was  accomplished  in  the  Marquardt  rocket  research  facility  using  a  standard 

8  on  8  Apollo  type  injector  with  no  fuel  film  cooling.  The  chamber-to- 
injector  sealing  was  accomplished  with  a  pyrolytic  graphite  washer  to 
minimize  heat  soak  into  the  injector.  Calibrations  were  first  conducted 
on  a  heat- sink  copper  chamber  to  establish  required  propellant  flow  rates, 
line  pressures,  etc.,  for  high  combustion  efficiency  at  an  O/F  of  2.0. 

(U)  Six  subscale  chamber  assemblies  were  utilized  in  a  highly  success¬ 
ful  test  program  to  demonstrate  10-minute  duration  with  up  to  5  restarts  at 
500  psi  chamber  pressure.  Individual  test  runs  ranging  in  duration  from 
12  to  601  seconds  were  conducted  without  damage  or  evidence  of  erosion  of 
the  chamber  liner  or  throat.  One  chamber  was  fired  for  consecutive 
runs  of  2  three-minute,  and  4  one-minute  bursts  with  restarts  after  15  to 
45  seconds,  with  no  detrimental  effects.  A  chamber  which  had  accumu¬ 
lated  601  seconds  on  a  continuous  run  was  refired  at  a  later  date  for  an 
additional  132  seconds  wituout  measurable  throat  erosion. 
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(U)  Exterior  surface  temperatures  were,  in  all  cases,  below  predicted 

levels  and  varied  little  with  c  mbuition  efficiency  or  gas  composition  at  the 

* 

wall.  However,  even  at  high  C  efficiencies,  no  effect  on  liner  coating 
performance  was  noted.  The  SiC  coating  on  the  inner  chamber  liner  surface, 
however,  cracked  in  every  instance,  either  before  or  during  firing.  Never¬ 
theless,  numerous  test-firings  on  cracked  liners  failed  to  reveal  any  detri¬ 
mental  effects.  The  cracks  were  so  minute  that  they  could  not  be  detected 
without  a  dye  penetrant  test.  The  major  problem  associated  with  the  sub¬ 
scale  test  program,  as  it  turned  out,  was  the  reliability  of  the  high  tempera¬ 
ture  injector- to-chamber  seal.  Although  effective  sealing  was  accomplished 
for  a  number  of  tests,  the  short-duration  runs  were,  in  most, instances, 
terminated  by  a  seal  failure.  Consequently,  considerable  effort  and 
emphasis  was  placed  on  improving  the  sealing  scheme. 

(U)  It  appeared  from  the  results  of  the  subscale  tests  that  the  ultimate 
capability  of  this  chamber  concept  and  the  SiC  liner  coating  had  not  yet  been  . 
approached.  Consequently,  a  high  degree  of  confidence  existed  in  the  proba¬ 
bility  of  successfully  constructing  and  test  firing  the  fullscale  thrust  chambers 
under  Phase  II.  The  results  of  th»;  Phase  II  efforts  are  discussed  in  Sections 
IV,  V,  and  VI  of  this  report. 
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II 

SUMMARY 

(U)  This  report  presents  the  results  of  Phase  II  of  a  two-phase 
program  to  design,  fabricate  and  evaluate  an  advanced  nonregene ratively 
cooled  rocket  thrust  chamber  concept  for  500  psi,  multiple  restart, 
long  firing  duration  with  N2O4/O.  5  N2H4-O.  5  UDMH  propellants.  The 
specific  design  concept  under  evaluation  is  that  of  a  prestressed  composite 
wall  chamber  composed  of  a  contoured  SiC  coated  graphite  liner  encased 
in  a  cylindrical  refractory  metal  shell.  Phase  I  analytical  and  experi¬ 
mental  efforts  on  the  subscale  chambers  (100-pound  thrust)  were  completed 
in  December,  1965  and  reported  in  Reference  1.  For  continuity,  a  review 
of  these  efforts  are  also  presented  in  Section  III  of  this  report. 

(U)  The  Phase  II  effort  was  to  design  and  fabricate  two  5000-lb 
thrust  chambers  for  delivery  to  the  AFRPL,  Edwards  AFB,  California, 
for  evaluation  testing  with  the  noted  liquid  propellants.  The  goal  of  the 
test  program  was  to  achieve  a  firing  duration  of  600  seconds  with  up  to 
5  restarts  at  a  chamber  pressure  of  500  psi.  This  goal  was  not  reached, 

'as  both  of  the  fullscale  thrust  chamber  assemblies  were  tested  for  only 
5  seconds  each.  During  both  tests,  the  inner  SiC  coating  was  lost  by  a 
progressive  failure  mode  of  mechanical  breakup,  detachment  from  the 
graphite  substrate,  and  subsequent  expulsion  downstream. 

(U)  The  design  of  the  fullscale  thrust  chambers  was  based  on  a  scale- 
up  of  the  subscale  chambers  which  had  performed  so  successfully  in  the 
Phase  I  firing  evaluations.  To  match  the  existing  Air  Force  test  hardware, 
the  basic  fullscale  design  had  a  6.046-inch  chamber  diameter  transisting 
to  a  2.  90-inch  throat  diameter.  The  first  chamber  had  ar.  exit  cone 
designed  for  exhaust  to  13.2  psia  ambient  pressure.  This  cone  was  not 
used  in  the  second  assembly,  since  full  contained  expansion  was  not  required. 
The  chamber  liner  consisted  of  Carbone  2239  graphite  (contoured  from  1/2- 
inch  to  2.  1-inch  wall  thickness)  coated  with  0.  010  to  0.  090-inch  thickness 
of  Marquardt  RM-005  vapor  deposited  SiC  on  all  surfaces.  A  0.20-inch 
thick  Ta-lOW  cylindrical  flanged  compression  shell  was  used  to  provide 
the  liner  preload.  Sylcor  R512  was  used  as  an  oxidation  protection  coating 
on  the  shell  and  on  the  Ta-lOW  exit  cone. 

(U)  Testing  of  both  5,  000-lb  thrust  chambers  was  performed  by  the 
Air  Force  at  Test  Area  1-46,  AFRPL,  Edwards,  California.  An  AF  multiele¬ 
ment  injector  was  used,  and  the  firings  were  horizontal.  The  firing  schedule 
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for  both  assemblies  was  to  start  with  a  5- second  run,  inspect,  and  then 
retest  for  longer  times.  In  both  instances,  the  thrust  chambers  were 
unsuitable  for  further  test  after  the  initial  5- second  runs,  since  the  majority 
of  the  inner  SiC  coating  had  been  lost  by  mechanical  breakup,  leaving  the 
graphite  substrate  unprotected. 

(U)  Both  the  100  and  5000-lb  thrust  chambers  experienced  extensive 
cracking  of  the  SiC  coating.  In  the  subscale  chambers  this  cracking  did 
not  result  in  dislocation  of  the  coating,  which  may  be  attributed  to  several 
factors:  tensile  failure  with  sufficient  outward  radial  motion  to  relieve 
stresses  throughout  the  coating  cross-section,  a  small  radius  of  curvature 
which  allows  a  net  outboard  bending  moment  rather  than  a  critical  compres¬ 
sive-shear  condition,  and  a  high  allowable  AT  for  thermal  shock  failure. 

(U)  In  the  case  of  the  fullscale  chambers,  coating  failure  appears 
to  be  of  a  compressive-shear  type  initiated  by  a  critical  tensile  stress 
(thermally  induced)  at  the  SiC -graphite  interface.  This  fracture  pattern 
results  in  the  destructive  dislocation  of  fragments,  leading  to  the  eventual 
loss  of  most  of  the  coating.  The  factors  contributing  to  such  a  failure  are: 

(1)  Ala  rge  radius  of  curvature  resulting  in  a  much  lower  allowable  AT 
for  thermal  shock  failure  and  a  high  compressive-shear  loading  existing 
after  the  tensile  crack  initiation.  (2)  A  relatively  smaller  outward  bending 
moment.  (3)  A  statistical  brittle  material  strength  reduction  with  the  larger 
coating  surface  area  and  volume.  (4)  A  possibly  mo  e  severe  wall  heating 
condition  with  the  highly  efficient  fullscale  injector.  (5)  Reduced  stability 
of  the  large  diameter  SiC  liner  to  compressive  buckling  type  loads. 

(U)  The  size  factor  combined  with  the  tension-compression  stress 
distribution  makes  the  design  of  a  continuous  chamber  liner  of  this  size 
impractical  with  SiC.  This  is  an  empirical  conclusion  based  on  failure 
analysis  and  could  not  reasonably  be  predicted  through  analysis  alone 
because  of  the  many  uncertainties  involved.  It  is  also  concluded  that  SiC 
may  be  used  for  the  liner  of  such  a  chamber  by  designing  a  segmented 
chamber  such  that  the  size  factor  is  minimized.  Further  analysis  and 
laboratory  effort  is  required  to  optimize  the  composite  wail  chamber  con¬ 
cept. 
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REVIEW  OF  SUBSCALE  CHAMBER  EVALUATIONS 

(U)  During  the  initial  phase  of  this  program,  subscale  chambers  were  de¬ 
signed,  fabricated  and  hot  firing  tested  as  reported  in  Reference  1.  Since 
much  of  the  analysis  and  results  of  the  subscale  chamber  evaluations 
formed  the  bases  for  decisions  relative  to  the  fullscale  chambers  of  Phase 
II,  a  review  of  Phase  I  is  presented  in  this  report  section. 

A.  SUBSCALE  CHAMBER  ANALYSIS,  DESIGN  AND  FABRICATION 


1.  Materials  Survey 

(U)  Based  on  the  design  concept  of  a  prestressed  chamber  com¬ 
posed  of  a  SiC  coated  graphite  liner  enclosed  in  a  refractory  metal  shell,  a 
thorough  survey  was  made  of  each  of  the  component  materials  applicable  to 
the  composite  motor.  The  study  was  broken  down  into  essentially  four 
areas: 

1.  Shell  materials  based  on  the  refractory  metals  or 
refractory  metal  alloys. 

2.  Liner  materials  of  a  graphite  compatible  with  SiC. 

3.  Liner  coating  of  SiC. 

4.  Shell  coating  compatible  with  the  respective  shell 
material  and  the  environmental  requirements. 

Generally,  the  properties  of  interest  of  the  candidate  chamber  materials 
were  specific  heat,  thermal  conductivity,  thermal  expansion,  modulus  of 
elasticity,  tensile  and  compressive  strengths,  creep  and  rupture  strengths 
and  in  the  case  of  the  coatings,  oxidation,  heat,  and  erosion  resistance. 

In  addition  to  the  physical,  thermal,  and  mechanical  properties,  other 
material  factors  such  as  cost,  availability,  and  fabrication  techniques  were 
also  considered  since  under  the  tight  schedule  of  the  program,  availability 
and/or  fabrication  technique  could  be  the  key  factor  in  chamber  fabrication. 

a.  Shell  Materials 

(U)  Assuming  a  chamber  shell  temperature  of  2800-3200°F  for 
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at  least  ten  minutes  and  a  prestressed  condition  with  minimum  creep,  it  is 
necessary  to  use  an  alloy  based  on  the  refractory  metals  Ta,  Mo,  Cb,  or 
W  to  maintain  design  stress  loads.  Preliminary  analysis  of  the  refractory 
metal  alloys  indicated  that  Cb  alloys  did  not  have  sufficient  creep  strength 
nor  tensile  strength  to  maintain  the  fine  balance  of  stress-interference 
necessary  for  the  chamber  liner.  On  the  other  hand  W  is  particularly 
heavy,  difficult  in  many  cases  to  fabricate  into  shaped  parts,  and  brittle. 

The  alloys  of  Ta  and  Mo  however,  are  quite  compatible  with  the  requirements 
of  stress  and  creep  resistance  of  the  composite  chambers.  Table  I  shows 
typical  3000°F  tensile  properties  of  the  candidate  Ta  and  Mo  alloys,  Ta-lOW 
and  TZM. 


TABLE  I 


TENSILE  PROPERTIES  OF  Ta-lOW  AND  TZM  AT  3000°F 


Alloy 


Ultimate  Tensile 
Strength _ 


0.  2%  Yield 

Strength  Elongation  Modulus  of  Elasticity 


Ta-lOW  20  Ksi 

TZM  16  Ksi 


14  Ksi  33%  5.5xl06psi 

9  Ksi  25%  12  x  I06  p 


Figures  1  and  2  show  the  creep  strength  of  Ta-lOW  and  TZM.  Generally, 
the  creep  resistance  of  the  two  alloys  in  the  temperature  range  of  interest 
is  about  the  same,  however  the  dropoff  of  TZM  is  much  greater  than  Ta-lOW. 
Below  2800°F  the  creep  resistance  of  TZM  is  considerably  better  than 
Ta-lOW,  however  TZM  also  lacks  a  degree  of  toughness  rendering  the 
material  somewhat  brittle.  However  for  the  requirements  of  the  composite 
chambers,  bend  ductility  and  notch  test  data  indicated  that  TZM  was  poten¬ 
tially  applicable.  As  a  consequence,  Phase  I  chamber  shells  were  fabri¬ 
cated  using  both  Ta-lOW  and  TZM.  Since  real  data  were  lacking  on  TZM 
in  this  particular  application,  further  use  of  the  alloy  (Phase  II)  wau  made 
contingent  upon  its  performance  in  the  Phase  I  tests. 

(U)  AP  rime  consideration  in  the  utilization  cf  the  refractory 
metal  shell  was  the  method  of  fabrication.  Essentially  three  techniques 
were  studied: 


1.  Machine  ‘he  shell  from  solid  rod. 

2.  Spin  form  the  shell  from  a  plate  or  tube. 
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REFERENCE:  TMC  REPORT  25,045 


i  \  TEST  CONDITIONS: 

Y\  SPECIMENS-SHEET,  LONGITUDINAL 
\\  HEATING-RESISTANCE 
\\  ATMOSPHERE-INERT  GAS 
[\\  MATERIAL- UNCOATED,  STRESS  RELIEVED 


\w 


SYMBOL 


MATERIAL 

TZM 

Ta-lOW 

TUNGSTEN 

-  RUPTURE 


WEIGHT 

0.37 

0.609 

0.70 


- 1%  creep 


26  30  34  38  42 

TEMPERATURE,  100°F 

Figure  1 

MINUTE  RUPTURE  AND  CREEP  STRENGTH 
OE  REFRACTORY  METALS 
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R-l  5,080 
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VAM  MV*l 


Figure  2 

10  MINUTE  - 1%  CREEP  STRENGTH-TO-DENSITY  RATIO 
FOR  TZM  AND  Ta-lOW 
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3.  Roll  form  from  a  sheet  and  electron  beam  weld 
a  longitudinal  seam. 

For  the  Phase  I  shell  it  was  found  that  the  deciding  criterion  in  fabrication 
was  based  on  availability  of  stock  and  the  most  expeditious  fabrication 
technique. 


b.  Graphite  Liner 

(U)  A  preliminary  analysis  of  the  applicable  graphites  for  use 
as  the  thrust  chamber  liner  indicated  that  four  grades  of  graphites  had 
sufficient  mechanical  strengths  and  compatibility  with  SiC.  The  graphites 
evaluated  were  National  Carbon  RVC,  Carbone  2239  and  P5890,  and  Great 
Lakes  Carbon  MHLM-85.  To  match  the  graphite  to  the  requirement,  of  the 
thrust  chamber  duty  cycle  and  the  SiC  coating,  the  graphite  selection  cri¬ 
teria  was  based  mainly  on: 

1.  Tensile  and  compressive  strengths.  For  the 
anticipated  stress  cycle  of  the  composite  chamber 
the  maximum  possible  tensile  and  compressive 
strength  were  desired. 

2.  Isotropy.  Since  the  liner  coating  is  isotropic 
/}  SiC  the  graphite  must  be  isotropic. 

3.  Thermal  expansion  to  match  SiC. 

4.  Thermal  conductivity  as  high  as  possible  to 
minimize  thermal  stresses,  and  excessive 
coating  temperatures. 

(U)  Table  II  lists  the  significant  properties  of  the  four  grades 
of  graphite.  The  properties  of  SiC  are  included  for  comparison.  Although 
RVC  and  MHLM-85  have  modulus  and  thermal  conductivity  values  compara¬ 
ble  to  2239  and  P5890,  they  have  a  marked  degree  of  anistropty.  This 
difference  in  properties  by  virtue  of  the  grain  alignment  is  incompatible  with 
/>  SiC,  particularly  for  large  shapes.  Although  P5890  has  somewhat  higher 
mechanical  strength,  grade  2239  appeared  to  offer  the  best  compromise  in 
expansion  compatibility  while  retaining  a  high  mechanical  strength.  All  of 
the  chamber  liners  for  the  Phase  I  chamber  were  machined  from  3  3/4  inch 
diameter  x  5  1/4  inch  long  Carbone  No.  2239  moulded  graphite  rounds. 
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TABLE  II 

GRAPHITE  PROPERTIES  * 


Thermal  Con- 


Graphite 

Grade 

Modulus 

10c  psi 
w.g.  a.g. 

Compressive  Str. 
psi 

w-g-  _  .  _  a.g. 

Tensile  Str. 
psi 

w.g.  a.g. 

Linear 
Expanslon/°C 
w.g.  a.g. 

R.T. 

ductivit^ 
cal/gm-cm  C 
w.g.  a.g. 
R.T. 

3000°F 

RVC 

1.77  1.38 

11,160 

10, 9^0 

2700  1300 

3-7 

l*.5 

0.268  O.236 

0.07 

MHU1-S5 

1.5  1-5 

6,000 

5,000 

1800  1500 

2.8 

2.? 

0.1* 

0.08 

2239 

1.1* 

15,000 

3200 

1*.0 

0.32 

0.08 

f  5890 

1.1*5 

£2,000 

1*000 

U.2 

0.32 

0.0S 

SIC 

CO- 60 

150,000  -  300,000 

10,000  -  20,000 

3-3 

0.1* 

O-O-'t 

*  All  room  temperature  data  except  where  noted, 
c.  Coatings 

1.  Shell  Coatings 

(U)  Selection  of  the  oxidation  protection  coating  for  the 
chamber  shells  was  based  on  a  10  minute  firing  time,  a  280G-3200°F  shell 
temperature,  and  a  static  air  environment.  Essentially,  four  coating 
systems  were  found  applicable  to  the  chamber  materials:  tin-aluminide  or 
R512  on  Ta-10W;  Durak  B  on  TZM;  and  hafnium- tantalum  on  Ta-lOW  and 
TZM.  In  view  of  the  temperature  range  and  the  limited  methods  of  appli¬ 
cation,  the  added  cost,  time,  and  complexity  of  the  Hf-Ta  coating  was  not 
considered  justified.  The  tin-aluminide  coating  is  very  applicable  to  the 
shell  environmental  conditions,  having  protected  tantalum  base  alloys  for 
well  over  one  hour  at  30GG°F  in  static  air.  The  major  problem  however, 
in  the  tin-aluminide  coating  was  the  3-b  week  delivery  of  a  coated  part. 

For  the  two  remaining  coatings,  R512  on  Ta-lOW  and  Durak  B  on  TZM,  both 
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are  commercially  available  and  have  been  extensively  tested  under  static 
air  and  dynamic  combustion  product  environments.  R512  coatings  have 
been  established  as  reliable  for  well  over  one  hour  at  3200°F  and  Durak 
B  for  the  same  time  period  at  3000°F,  Durak  B  is  a  disilicide  coating 
applied  by  the  Chromizing  Corporation  in  Los  Angeles.  Sylcor  R512  is 
a  fused  silicide  supplied  by  Sylcor  Division  of  Sylvania  in  Hicksville, 

Long  Island.  All  subscale  chamber  shells  were  coated  with  either  Durak 
B  or  Sylcor  R512. 

2.  Liner  Coating  -  RM-005  Silicon  Carbide 

(U)  The  ASTRO  Division  of  Marquardt  had  previously 
developed,  under  a  Company- sponsored  research  program,  the  highly  suc¬ 
cessful  RM-005  coating.  This  silicon  carbide  coating,  which  can  be 
applied  to  a  variety  of  substrates,  to  any  desired  thickness  by  chemical 
vapor  deposition,  is  an  extremely  hard,  tightly  bonded,  dense  refractory 
coating  with  outstanding  oxidation,  erosion,  and  thermal  shock  resistance. 
The  outstanding  performance  of  this  coating  has  been  demonstrated  in 
laboratory  tests  and  in  numerous  rocket  firings.  Both  long  runs  and  a 
wiae  variety  of  pulsing  runs  have  shown  that  RM-005  is  superior  to  any 
other  insert  material  tested.  Early  tests  sometimes  encountered  failures 
due  to  diffe-ential  thermal  expansion  of  the  coating  and  graphite,  but  study 
of  the  thermal  expansion  characteristics  of  a  large  number  of  graphites, 
including  their  anisotropy,  resulted  in  the  choice  of  a  graphite  which  is 
well  matched  with  *he  RM-005  coating.  A  graphite  surface  conditioning 
alsc  strengthens  the  bond  between  the  coating  and  the  graphite.  Con¬ 
currently,  additives  to  the  silicon  carbide  were  found  which  improved  its 
formatio  of  a  thin  highly  viscous  surface  oxide  coating  when  exposed  to 
oxidizing  conditions,  and  also  its  compatibility  with  other  refractory  sub¬ 
strates.  The  potential  of  the  coating  system,  as  presently  formulated,  ex¬ 
ceeded  the  severity  of  conditions  in  liquid  thrust  chambers  so  far  tested. 

(U)  The  choice  of  an  RM-005  coated  graphite  thrust 
chamber  liner  was  based  on  extensive  analysis,  laboratory  testing,  and 
liquid  rocket  engine  testing  of  a  wide  variety  of  material  systems.  Silicon 
carbide  is  reported  to  decompose  or  suDlime  at  temperatures  between 
4350'>  and  4900°F  at  atmospheric,  pressure.  However,  a  phase  diagram 
constructed  from  data  taken  at  pressures  of  35  atmosoheres  (es/  500  psi) 
shows  a  periiectic  decomposition  occurrirg  at  51tO°F  into  a  two-phase 
liquid  plus  solid  carbon  region.  This  evidence  would  indicate  that  appre  ¬ 
ciable  dtcompr sition  ar.d/or  sublimation  of  the  RM-005  coating  at  chamber 
pressures  of  500  psi  would  not  be  expected  at  temperatures  below  about 
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5000°F.  Therefore,  since  a  steady-state  heat  transfer  analysis  of  the 
subscale  chamber  design  indicated  an  effective  wall  temperature  well 
below  this  point,  no  loss  of  coating  due  to  thermal  decomposition  or 
sublimation  was  anticipated,  and  in  fact,  none  occurred.  In  addition, 
the  RM-005  coating  had  been  tested  under  near  vacuum  conditions  at 
temperatures  exceeding  4000°F  for  2  hours  without  measurable  loss  of 
material.  Therefore,  vacuum  operation  is  not  expected  to  present  a 
problem,  even  though  it  was  not  evaluated  in  this  program  in  actual 
test  firings. 


(U)  The  limiting  factor  in  the  life  of  the  silicon  car¬ 
bide  coating  was  expected  to  be  the  rate  of  consumption  of  the  silicon 
carbide  surface,  due  to  the  formation  and  subsequent  loss  of  the  oxida¬ 
tion  product,  SiC>2.  Silicon  carbide  oxidizes  only  slowly  and  by  a  diffu¬ 
sion-controlled  process  up  to  temperatures  of  3100°F.  Beyond  this 
temperature  at  atmospheric  pressure,  the  rate  increases  due  to  vola¬ 
tilization  of  SiO  and  if  shear  forces  are  present,  through  erosion  of  the 
viscous  Si02-  These  considerations  would  lead  one  to  predict  high 
coating  erosion  rates  at  the  higher  hea:  flux  conditions  anticipated  at  a 
chamber  pressure  of  500  psi.  However,  a  number  of  factors  tend  to 
minimize  this  effect.  At  higher  chamber  pressures,  the  volatilization  of 
the  Si02  film  should  be  suppressed.  In  addition,  the  endothermic  nature 
of  the  chemical  reactions,  along  with  the  blowing  effect  caused  by  the  gas 
evolution,  may  reduce  the  net  rate  of  heat  transfer  to  the  wall.  Neverthe¬ 
less,  the  rate  of  oxygen  diffusion  through  the  liquid  SiC^  film,  whose 
thickness  is  partially  determined  by  the  shear  forces  created  by  the  com¬ 
bustion  gas,  can  be  an  important  consideration.  Fortunately,  the  quanti¬ 
ties  of  oxidizing  species  in  the  N2O4/O.  5  N2H4-O.5  UDMH  combustion 
environment  are  low  in  comparison  with  an  air  environment,  and  thus  the 
oxidizer  partial  pressure  at  the  coating  surface  is  less  severe,  resulting 
in  lower  comparative  oxidation  rates.  This  observation  has  been  experi¬ 
mentally  verified  in  silicon  carbide  oxidation  tests  in  air,  oxyacetylene 
torch,  and  rocket  exhaust  environments.  Figure  3  gives  an  indication  of 
the  time-temperature  oxidation  protection  afforded  a  substrate  by  the  RM- 
005  SiC  coating.  Torch  oxidation  represents  a  severe  test  of  the  coating 
durability.  Longer  times  at  higher  temperatures  can  be  accommodated 
by  SiC  if  the  atmosphere  is  less  oxidizing. 

d.  Material  Property  Design  Data 

(U)  After  selection  of  the  individual  component  materials  for 
the  composite  subscale  thrust  chambers,  the  pertinent  thermal,  physical 
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and  mechanical  property  data  were  surveyed  for  use  in  the  thermal  and 
structural  analyses.  These  data  were  presented  in  Reference  1  (pages 
20-31). 

2.  Heat  Transfer  Analysis 

(U)  In  order  to  determine  the  magnitudes  of  the  temperatures 
and  the  temperature  differences  throughout  the  subscale  chamber  assem¬ 
blies,  a  number  of  heat  transfer  calculations  were  performed.  Starting 
with  the  original  contour  from  Figure  4  and  the  basic  concept  of  a  four 
layer  wall  (SiC -Graphite -SiC -Refractory  metal),  a  "thermal  analyzer" 
routine  was  written  to  determine  the  transient  and  steady- state  tempera¬ 
tures  in  the  chamber  walls.  A  description  of  the  "thermal  analyzer"  heat 
transfer  calculation  method  was  given  in  Appendix  I  of  Reference  1. 

(U)  For  this  thermal  analysis,  the  subscale  chambers  were 
described  by  a  two-dimensional  model  because  of  axial  symmetry.  In 
the  cylindrical  part  of  the  chamber,  the  structure  was  separated  into 
differential  volumes  bounded  by  two  radial  planes  and  two  concentric 
cylinders.  The  throat  section  was  somewhat  more  complicated  because 
of  the  convergent  and  divergent  conical  sections.  An  analysis  was  made 
for  the  determination  of  the  geometric  proportions  of  the  thermal  resistances 
and  capacitances  of  the  differential  volumes.  From  the  geometry  of  the 
chamber,  a  thermal  circuit  was  developed  which  contains  77  nodes  and 
141  resistors.  The  node  positions  in  the  subscale  chamber  are  shown  in 
Figure  5. 

(U)  After  the  geometrical  resistance  values  had  been  computed 
the  first  IBM  7040  computer  runs  were  made.  This  initial  subscale  chamber 
configuration  had  a  chamber  diameter  of  1.  75  inches,  an  inner  SiC  shell 
0.030  inches  thick;  a  graphite  substrate  0.250  inches  thick,  an  outer  SiC 
shell  0.020  inches  thick,  all  contained  in  a  0.100  inch  thick  Ta-lOW  shell 
coated  inside  and  out  with  Sylcor  R-512  (0.  001  to  0.  002  inches  thick).  The 
thermal- physical  properties  of  these  materials  needed  for  the  analysis, 
were  taken  from  the  material  property  data  presented  in  Section  III-A  of 
Reference  1. 

(U)  The  thermal  analysis  model  and  routine  were  written  in  such 
a  manner  as  to  accommodate  different  thicknesses  of  materials,  different 
materials  thermal  properties  and  material  thermal  conductivity  variations 
with  temperature.  In  this  manner  the  effects  of  different  materials  and 
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different  thicknesses  of  materials  in  the  wall  can  be  determined,  and  from 
the  computed  temperatures  and  temperature  gradients,  a  realistic  structural 
analysis  can  be  made.  These,  in  combination,  can  determine  the  most  effi¬ 
cient  materials  and  proportions  thereof,  for  the  chamber  design  conditions. 
Steady-state  conditions  were  run  first  in  order  to  determine  maximum  shell 
temperatures.  From  this  information,  the  refractory  metal  shells  were 
rough  sized  and  the  long  lead  time  materials  ordered.  Transient  tempera¬ 
tures  were  computed  later. 

(U)  Operation  of  the  thermal  analyzer  routine  on  the  IBM  7040 
first  required  a  number  of  trial  runs  in  order  to  set  the  number  of  itera¬ 
tions  for  meaningful  results  and  to  properly  select  the  dampening  para¬ 
meters  for  temperature  convergence.  The  first  results  of  the  computation 
were  for  Thermal  Model  1-A  which  used  97%  theoretical  gas  temperature 
and  the  Bartz  equation  (Reference  2)  to  compute  the  convective  heat  trans¬ 
fer  coefficient  from  the  hot  gas  to  the  wall.  The  indicated  wad  temperature 
approached  a  value  of  4900°F  for  this  upper  boundary  case  as  shown  in 
Table  III.  ’"'vperience  has  shown  the  Bartz  heat  transfer  coefficient  to  be 
up  to  100%  mgher  than  the  experimental  value  at  the  throat,  attributed 
principally  to  the  injector  spray  pattern.  Consequently,  it  was  necessary 
to  select  heating  conditions  that  would  more  closely  approximate  the 
actual  chamber  wall  temperatures. 

(U)  After  establishing  the  maximum  possible  temperatures  with 
Thermal  Model  1-A,  three  more  computations  were  made  to  determine  the 
effect  of:  (l)  higher  thermal  conductivity  of  graphite,  (2)  reduction  in  Bartz 
heat  transfer  coefficient,  and  (3)  a  reduction  in  effective  gas  temperature. 
The  increased  conductivity  of  graphite  in  this  composite  structure  was 
found  to  have  a  very  minor  effect  on  any  of  the  temperatures  since  both  the 
original  and  higher  values  (from  different  references)  were  relatively  low. 
Maximum  throat  wall  temperature  was  lowered  about  250°F  by  a  1/3  re¬ 
duction  in  the  Bartz  hot  gas  convective  heat  transfer  coefficient.  Reducing 
the  effective  gas  temperature  was  80%  effective  in  reducing  the  throat  wall 
temperature  (i.e.  a  1000°F  drop  in  effective  gas  temperature  lowers  the 
wall  by  800°F).  The  Thermal  Model  reflecting  this  reduction  is  designated 
1-C,  and  the  computed  temperatures  at  the  node  points  of  Figure  5  are  given 
in  Table  IV. 


(U)  For  Model  1-C  the  cooling  effect  was  assumed  to  result  in  an 
"effective”  gas  temperature  1000°F  lower  than  the  theoretical  gas  tempera¬ 
ture.  This  assumption  was  taken  at  this  stage  in  lieu  of  experimental  heat 
transfer  data.  The  Bartz  equation  was  used  to  predict  the  convective  heat 


UNCLASSIFIED 


UNCLASSIFIED 


/^Harouardi 

"  inmmrMts  — 


VAN  NO»S  CAlfFOtNU 


TABLE  III  STEADY- STATE  THERMAL  ANALYSIS 
SUBSCALE  NON  R/C  ROCKFT  THRUST  CHAMBER  EVALUATION 

TEMPERATURES*  AT  NODE  POINTS  THERMAL  MODEL  NO.  1-A 

Effective  Gat;  Temperature  5340°F(97  $  Theoretical) 
Bartz  Heat  Transfer 

Station  Node  Pt.  Temp ■  °F  Station  Node  Pt.  Temp. 
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TABLE  IV  STEADY-STATE  THERMAL  ANALYSIS 
SUB3CALE  NON  R/C  ROCKET  THRUST  CHAMBER  EVALUATION 
TEMPERA  HIRE  AT  NODE  POINTS  THERMAL  MODEL  NO.  1-C 


Effective  Gas  Temperature  4340°F 


Station  Node  Pt.  Temp.  °F 
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transfer  rate  from  the  gas  to  the  wall.  This  calculation  method  assumes 
fully  developed,  turbulent  flow.  Since  there  conditions  may  not  exist  in 
the  chamber  and  depending  upon  the  influence  of  the  propellant  injection 
process,  the  actual  heat  transfer  rates  could  be  at  variance  with  those 
predicted.  Test,  results  show  that  even  the  reduced  temperatures  of  Model 
1-C  were  higher  than  the  actual  observed  temperatures  in  the  subscale 
tests. 


3 .  °truc tural  Analysis  and  Design 

(U)  The  thrust  chamber  structure  is  composed  basical. y  of  a. 
contoured  inner  liner  and  a  cylindrical  outer  shell.  The  liner  is  of  graph¬ 
ite,  machined  to  the  desired  chamber -nozzle  shape,  and  completely  coated 
with  SiC.  Its  function  is  to  contain  the  combustion  gases  with  an  unchanging 
inner  contour.  Since  SiC  and  graphite  have  lov.'  tensile  strengths,  it  is  the 
function  of  the  thin  cylindrical  outer  shell  to  hold  the  thrust  chamber  liner 
in  place  and  under  an  initial  preload  to  prevent  liner  failure  under  combined 
thermal  and  pressure  loads.  In  designing  a  structure  of  this  type  there  are 
many  variables  which  must  be  evaluated  to  achieve  a  reliable  composite 
rocket  thrust  chamber. 

(U)  First,  the  range  of  temperature  must  be  determined  as  an 
aid  to  selecting  the  correct  proportions  of  materials  in  the  composite. 
However,  before  a  realistic  heat-transfer  analysis  can  be  made,  an  initial 
chamber  configuration  must  be  selected.  Choice  of  the  initial  configuration 
was  made  by  assuming  an  inner  SiC  coating  thicknese  of  0.030'  inches, 
different  thicknesses  of  graphite,  an  outer  SiC  coating  thickness  of  0.020 
inches,  and  different  thicknesses  for  the  outer  Ta-lOW  shell.  Hand  calcula¬ 
tions  were  made  (one -dimensional  heat-transfer  analysis)  which  showed  the 
temperatures  to  be  in  reasonable  ranges  for  the  materials  capabilities  at 
approximate  stress  loadings.  From  this  point  the  heat  transfer  analysis 
was  conducted  as  described  in  the  previous  section,  to  define  more  accurately 
the  wall  temperatures  and  temperature  differences. 

(U)  The  initial  structural  analysis  included  defining  the  loading 
conditions  that  could  occur  and  selecting  those  that  wouid  affect  the  design 
of  the  subscale  thrust  chamber.  These  loading  conditions  were  taken  in 
two  basic  categories;  those  without  chamber  pressure,  and  those  with 
chamber  pressure.  In  the  first  group,  without  pressure  loads,  are  those 
due  to  chamber -liner  prestress  and  thermal  conditions  at: 
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1.  ambient  temperature 

2.  maximum  temperature  (immediately  after  hot  firing) 

3.  transient  temperatures  (cool-down  after  hot  firing) 

In  the  second  group*  with  pressure  loads,  are  those  due  to  chamber  pressure, 
prestress  and  thermal  condition  at: 

4.  ambient  temperature  (pressure  leak  test) 

5.  transient  temperatures  (during  heat-up) 

6.  maximum  temperature  (steady-state  operation) 

7.  transient  temperature  from  an  abo\'e  ambient  tempera¬ 
ture  start  (restart  before  full  cool-down) 

(U)  The  composition  of  the  thrust  chamber  wall  structure  was 
next  studied  to  ascertain  which  loading  conditions  would  be  critical  for  the 
various  sections  of  the  composite  wall.  The  sketch  on  the  following  page 
shows  the  composition  of  the  wall  cross-section  and  identifies  the  radial 
planes  for  the  analysis. 
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Radii  r^,  r^,  and  r$  are  constant  (straight  cylindrical)  along  the  full 
chamber  length  but  r^  and  r ^  change  through  the  nozzle  throat  section. 
The  initial  r^  of  the  refractory  metal  shell  is  smaller  than  the  r^  of 
the  SiC  coated  liner,  so  that  when  assembled,  tie  liner  is  put  into 
compression  by  the  shell  and  the  shell  is  put  into  tension  by  the  liner. 
The  amount  of  initial  interference  can  be  selected  from  a  considerable- 
range  since  the  shells  can  be  heated  to  ~  30C0°F  before  liner  insertion, 
which  results  in  a  radial  expansion  of  about  0.014  inches  for  a  Ta-lOW 
shell  -  The  interference  extremes  effects  on  the  chamber  components 
are  as  follows:  with  minimum,  or  zero  interference,  the  coated  liner 
may  fracture  in  tension  due  to  a  combined  pressure  and  thermal  loads. 
With  maximum  interference,  the  graphite  or  silicon  carbide  of  the  liner 
could  fail  in  compression  and  the  outer  refractory  metal  shell  would  be 
highly  loaded  in  tension,  thus  subjecting  ,t  to  high-temperature  creep 
and  subsequent  loss  of  interference  prestress.  In  between  these  ex¬ 
tremes  is  an  optimum  value  for  each  chamber  configuration  for  a  par¬ 
ticular  service  condition  and  lifetime. 
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(U)  Returning  to  the  assessment  of  loading- condition  effects  on 
the  composite  structure,  it  was  found  that  two  loading  conditions  would 
probably  provide  maximum  stress  loads  on  the  critical  sections.  These 
were  loading  conditions  5  and  6  above.  Condition  5  produces  a  maximum 
differential  temperature  (  A  T)  through  the  inner  SiC  coating  and  the 
graphite  liner  which  results  in  maximum  thermal  stresses  in  these  com¬ 
ponents.  Condition  6  produces  maximum  temperatures  on  the  entire  thrust 
chamber  structure  in  conjunction  with  full  pressure  loading,  under  which 
conditions!  the  refractory  metal  and  the  SiC  have  their  least  strength.  Al¬ 
though  spike  pressure  loads  were  not  a  design  requirement  for  these 
chambers  a  high  initial  overpressure  can  be  accommodated  because  of 
the  prestress  interference  values  used. 

(U)  Possible  methods  of  analysis  were  surveyed  for  this  com¬ 
posite  structure  under  the  combination  of  pressure,  thermal  and  initial 
prestress  loads.  Any  sophisticated  structural  analysis  method  required 
a  rather  precise  knowledge  of  all  material  properties  (thermal,  mechanical 
and  physical)  over  the  temperature  range  of  operation.  This  particular 
design  utilizes  relatively  brittle  materials  in  the  liner,  having  thickness 
(volume)  strength  effects  which  are  only  generally  known,  a  id  material 
properties  such  as  Poissor's  ratio  (  V)  and  modulus  of  elasticity  (E)  whose 
variation  with  temperature  is  only  approximately  known.  Consequently, 
it  was  evident  that  a  highly  sophisticated  analytical  method  was  not 
practical  in  this  instance,  and  thus  the  following  design-analysis  method 
was  used. 

1.  Conventional  linear  analysis  formulae  for  stress  and 
deflection  were  used,  such  as  those  from  Timoshenko 
(Reference  3)  and  Roark  (Reference  4)  for  pressure 
and  thermal  loading  of  thick  and  thin  walled  cylinders. 

2.  The  results  of  sophisticated  analyses  in  the 
literature  were  applied  to  indicate  maximum 
probable  combined  stresses  and  deflections. 

For  example,  the  work  of  Chang  and  Chu 
(Reference  5)  describes  the  stress  distribution 
in  a  metal  tube  which  is  subjected  to  a  very  high 
radial  temperature  variation  and  internal  pressure. 
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3.  Different  effective  prestress  conditions  were 
applied  to  the  subscale  chambers  either  by  a 
change  in  design  interference,  shell  thickness 
or  shell  material.  Pre-test  and  post-test 
dimensional  and  conditional  inspections  could 
then  be  performed  to  verify  the  design  analyses. 

(U)  The  method  of  analysis  used  was  based  on  the  principle  of 
compatible  deformations.  The  input  variables  were  the  material  properties 
from  report  section  IIIA  in  Reference  1  (static  and  creep  strengths,  modulii 
of  elasticity,  thermal  expansion  coefficients,  Poisson's  ratios),  the  materi¬ 
al  thicknesses,  the  amount  of  prestress,  the  chamber  pressure  and  the 
temperature  distribution.  For  the  structural  analysis  and  design  of  the 
subscale  chambers,  the  thermal  analyses  of  the  report  section  above  pro¬ 
vided  the  necessary  temperature  distributions  and  magnitudes.  The  tem¬ 
peratures  of  Thermal  Model  1-C  were  used  for  the  chamber  design. 

Figure  6  presents  the  two  temperature  distributions,  through  the  throat 
section,  that  were  used  for  design.  The  lower  line  (15  seconds  after  start¬ 
up)  corresponds  to  load  condition  5  in  that  it  is  a  condition  of  maximum 
A  T  through  the  inner  SiC  coating  (node  15-2  3)  and  the  graphite  substrate 
(node  23-44).  The  upper  line  shows  the  maximum  wall  temperatures  for 
steady- state  operation,  corresponding  to  load  condition  6. 

(U)  Before  the  chamber  wall  composition  was  selected,  which 
produced  the  temperatures  of  Thermal  Model  1-C,  the  effect  of  graphite 
liner  thickness  and  Ta-lOW  shell  thickness  variations  were  evaluated. 

Shell  thicknesses  of  0. 10  inch  and  0.  20  inch  in  a  total  wall  thickness  up  to 
1.00  inch  were  assumed  at  the  nozzle  throat  section.  The  variation  of 
inside  and  outside  wall  temperatures  were  calculated  which  showed  that 
the  inside  wall  temperature  is  relatively  insensitive  to  the  thickness  of 
graphite  or  shell  metal  surrounding  it.  The  outer  shell  temperature, 
however,  is  almost  inversely  proportional  to  the  amount  of  graphite  be¬ 
tween  it  and  the  chamber  hot-wall. 

(U)  Since  Ta-lOW  and  TZM  are  highly  strength-temperature 
affected  in  the  over  2500°F  range,  it  was  considered  to  be  most  advanta¬ 
geous  to  select  a  graphite  thickness  that  would  result  in  shell  material 
temperature  below  3000°F.  The  basic  subscale  thrust  chamber  configu¬ 
ration  that  satisfied  this  requirement  and  resulted  in  a  generally  efficient 
and  readily  fabricated  structure  was  as  follows.  A  liner  would  be 
machined  from  No.  2239  graphite  with  a  nominal  chamber  section  thick  - 
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ness  of  0.25  inches  with  a  straight  cylindrical  outer  diameter.  This  liner 
would  be  completely  coated  on  all  surfaces  with  vapor  deposited  SiC.  The 
design  thickness  of  the  inner  coating  was  0.030  inches  and  the  outer  was 
0.010  to  0.020  inches.  The  outer  shell  was  to  be  cylindrical  0.100  inch 
thick  Ta-lOW  for  maximum  creep  resistance  at  300C°F  and  low  tempera¬ 
ture  shock  tolerance. 

(U)  Different  shell  materials,  thicknesses,  and  initial  radial 
interference  values  would  also  be  incorporated  in  subsequent  assemblies. 
Also,  liners  would  be  fabricated  with  thicker  SiC  coatings  in  the  event 
that  the  0.030  thickness  should  be  eroded  before  the  desired  10  minutes 
of  thrust  chamber  operation  was  completed.  The  molybdenum  alloy,  TZM, 
was  the  other  candidate  material  for  the  shell.  Compared  with  Ta-lOW, 

TZM  is  less  expensive,  less  dense,  and  has  a  higher  creep  strength-to- 
density  ratio  at  temperatures  below  3050°F  (Figure  2,  page  12).  It  was 
recognized  to  have  a  possible  low  temperature  brittleness  problem,  but 
in  view  of  the  potential  gains,  the  fabrication  and  test  evaluation  of 
molybdenum  shelled  chambers  was  considered  necessary. 

(U)  Table  V  presents  a  tabular  summary  of  the  composition  of 
the  subscale  chambers,  the  condition  before  and  after  assembly,  and 
after  test.  The  restive  shell  stiffnesses  (resistance  to  radial  elastic 
deformation)  for  the  shells  at  room  temperature  and  at  3000CF  are  as 
follows,  where  the  0.100  inch  thick  Ta-lOW  shell  at  room  temperature 
equals  a  stiffness  of  1.  0.  TZM  and  Ti-Mo  have  the  same  stiffness. 

Temperature  0.  080  Ta-lOW  0,100  Ta-lOW  0. 100  TZM  0.  200  TZM 

80°F  0.80  1.00  1.50  2.77 

300CPF  0.15  0.18  0.40  0.74 

Radial  interference  values  of  0.  0C2-0.003  inches  were  used  for  the 
molybdenum  alloy  shell  assemblies,  and  0.004-0.007  inches  for  the  Ta-lOW 
shell  assemblies.  All  assemblies  were  calculated  to  have  positive  margins 
of  safety  under  load  conditions  5  and  6  (transient  heat-up  and  steady-state). 
As  noted  in  Table  V  the  only  chamber  failure  that  occurred  during  test  was 
with  the  0.200  inch  thick  TZM  walled  assembly.  None  of  the  other  liner- 
shell  assemblies  experienced  any  type  of  structural  failure  or  measurable 
permanent  deformation  as  a  result  of  the  hot-firing  tests. 


UNCLASSIFIED 


TABLE  V  SITBSCALE  CHAMBER  ASSEMBLIES 


P,C.  -  Pyrolytic  Graphite 

•r*  ’X  P,-  -  hfcs.f  r  p**eBBurt 

T.iC  -  nil ’on  Cfcrbld#- 


UNCLASSIFIED 


(U)  In  an  effort  to  substantiate  and  possibly  refine  the  method 
of  coated  liner-shell  prestress  analysis,  critical  inspections  were  made 
of  all  components  before  and  after  assembly  and  after  test.  However,  be¬ 
cause  of  normal  production  tolerances  and  the  small  dimensional  changes 
being  assessed,  it  was  not  possible  to  supplement  the  original  analytical 
procedure.  The  method  of  compatible  deformations  and  the  load  and 
material  properties  inputs  used  had  proven  to  be  a  useful  analytical  pro¬ 
cedure  for  the  design  of  the  subscale  thrust  chambers. 

(U)  The  assembly  of  the  original  SiC -coated  liners  into  tne 
refractory  metal  shells  did,  in  each  case,  precipitate  some  longitudinal 
and  circumferential  cracking  of  the  inner  SiC  coating  in  the  convergent 
section  of  the  nozzle.  This  was  most  severe  with  a  liner  that  was  cracked 
before  assembly,  but  also  occurred  with  a  liner  that  had  no  discernable 
cracks  before  assembly.  SiC  coated  graphite  nozzles  have  been  previously 
used  successfully  with  cracks  in  the  inner  coating  so  it  was  believed  that 
these  composite  chambers  might  also  be  tested  successfully.  The  action 
of  the  inner  coating  during  operation  tends  to  close  up  the  cracks  due  to 
constrained  expansion,  and  when  the  SiC  reaches  a  high  enough  tempera¬ 
ture,  the  cracks  could  glass  over  and  effectively  seal.  Thus,  it  was  not 
known  how  detrimental  the  cracks  might  be  until  the  first  attempts  were 
made  to  pressure  check  an  injector-chamber  assembly. 

(U)  Pressure  checking  showed  a  noticeable  leak  at  the  ends  of 
the  shell-liner  interface  which  is  radially  outside  of  the  injector -chamber 
seal  on  the  forward  face  of  the  SiC  coated  graphite  liner.  This  meant  that 
the  chamber  pressure  had  found  a  path  either  through  the  graphite  or  a- 
long  the  graphite  SiC  interface. 

(U)  After  this  discovery  of  the  pressure  leak  path,  two 
approaches  to  the  solution  of  the  problem  were  taken.  First,  the  possibi¬ 
lity  of  sealing  the  cracks  internally  or  at  the  ends  of  the  liner-shell  inter¬ 
face  was  evaluated.  A  number  of  low  and  high  temperature  melting  com¬ 
pounds  and  brazes  were  applied  to  determine  their  ability  to  wet  and  ad¬ 
here  to  the  SiC  coating.  A  first  successful  pressure  check  was  made 
with  an  assembly  that  had  epoxy  in  the  local  end  areas  of  the  liner- 
chamber  interface.  The  leak  rate  of  this  chamber,  when  assembled  with 
the  injector,  was  only  1  psi  per  minute  at  a  chamber  pressure  of  500  psi. 
After  the  first  test  run,  B^O^  was  melted  into  the  same  area  where  the 
epoxy  had  burned  out.  Neither  of  these  materials  provided  the  necessary 
seal  for  a  long  duration  test  run. 
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(U)  Concurrently,  an  analysis  of  the  causes  of  cracking  and 
potential  solutions  was  undertaken.  As  the  cracks  seem  to  emanate 
from  the  transition  radii  in  the  throat  and  the  nozzle -chamber  entrance, 
both  of  which  were  originally  0.41  inches,  it  is  possible  shat  these  radii 
were  too  sharp  for  the  stresses  that  are  introduced  during  assembly. 
There  is  an  additional  factor  of  discontinuity  and  potential  stress  intensi¬ 
fication  at  these  two  points  since  the  SiC  coating  tends  to  be  less  thick 
at  these  points  where  the  flow  direction  changes  rather  sharply.  De¬ 
sign  changes  were  made  which  greatly  increased  these  radii  and  provided 
a  much  smoother  transition  from  the  large  chamber  diameter  to  the 
small  throat  diameter. 


(U)  An  analysis  of  the  stresses  induced  in  the  liner  during 
assembly  shows  that  they  are  somewhat  different  than  those  for  which 
it  was  designed  and  to  which  it  is  subjected  in  actual  operation.  The 
basic  difference  is  the  thermal  stresses  caused  by  the  manner  of  heat¬ 
ing.  The  assembly  of  liner  and  shell  is  effected  by  heating  the  shell 
inductively  to  greater  than  2000°F  and  then  inserting  the  cold  liner 
into  the  shell  in  one  to  two  seconds.  The  liner  is  thereby  subjected  to 
external  heating  rather  than  internal  for  which  it  was  designed.  Basical¬ 
ly,  external  heat  on  a  cylinder  causes  longitudinal  and  circumferential 
tensile  stresses  at  the  inner  surface  and  similar  compressive  stresses  at 
the  outer  surface. 

(U)  Reviewing  the  properties  of  SiC,  it  is  noted  that  the 
tensile  strength  is  only  one  fourth  to  one  tenth  of  the  compressive 
strength.  This  is  one  of  the  basic  reasons  for  investigating  this  com¬ 
posite  prestressed  design;  to  keep  the  inner  SiC  liner,  as  well  as  the 
graphite,  in  compression  or  low  tension  at  all  times.  Preliminary 
analysis  of  the  stresses  at  assembly  had  assumed  that  the  shell  com¬ 
pression  (cool  down)  would  act  coincidentally  with  the  liner  heat  up  such 
that  no  liner  cracking  problem  was  anticipated. 

(U)  The  new  contour  SiC  coated  graphite  liners  were  effective 
in  reducing  the  local  discontinuity  stresses  which  had  caused  or  contrib¬ 
uted  to  cracking  of  the  inside  coating  upon  assembly  into  the  refractory 
metal  shell.  Four  of  these  new  liner -shell  assemblies  were  made  and 
only  one  crack  was  generated  in  or.e  assembly  (S/N  004  A).  Assemblies 
number  005,  006,  and  007  were  crack  free.  To  illustrate  the  change 
made  in  the  internal  contour,  tv-'  coated  liners  were  sectioned  and 
photographed.  Figure  7  shows  the  original  contour  on  the  left  and  the 
revised  contour  on  the  ri  ght. 
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4.  Subscale  Chamber  Fabrication 

(U)  All  subscale  chamber  liters  v/ere  fabricated  by  machining 
No.  2239  graphite  to  the  subsurface  chamber-nozzle  contours  shown  in 
Figure  7.  The  RM-005  silicon  carhj.de  coating  was  then  vapor  deposited 
onto  the  graphite  substrate.  The  outer  diameter  and  the  end  surfaces  of 
the  SiC  were  then  ground  to  a  very  smooth  finish  and  precise  dimensions. 

(U)  The  outer  shells  were  fabricated  by  rough  machining  a 
tube  from  solid  bar  stock  of  Ta-lOW,  TZM,  or  1/2  Ti-Moly.  The  out¬ 
side  and  ends  of  the  shells  were  machine  finished  and  the  inner  diameter 
was  ground  to  a  fine  finish  and  a  precise  dimension  for  the  desired 
prestress.  The  shells  were  then  coated  with  thin  oxidation  protective 
coatings.  After  inspection  and  smoothing  of  irregularities  in  the  coating 
surface,  the  chambers  and  liners  were  ready  for  assembly. 

(U)  Insertion  of  the  chamber  liners  into  the  shells  was  accom¬ 
plished  by  inductively  heating  the  shells  to  high  temperatures  and  then 
rapidly  plunging  the  liners  into  the  expanded  shells.  Needless  to  say, 
alignment  of  the  shell  and  the  respective  liner  was  critical,  as  was  the 
heating  of  the  shells  to  a  sufficiently  high  temperature.  After  the  liner  - 
shell  assembly  was  allowed  to  cool,  the  unit  was  then  pressure-checked 
and  dye-checked  to  determine  if  it  was  still  crack-free  and  sound.  In  all, 
seven  liners  and  shells  were  successfully  assembled. 

B.  SUBSCALE  CHAMBER  TESTING 

1.  Test  Facility 

(U)  All  test  firings  of  the  subscale  thrust  chambers  were  con¬ 
ducted  on  Pad  F  of  the  Aerothermo  Laboratory  (ATL)  test  cell  complex  in 
the  Air  Force-Marquardt  Test  Facility  (AF-MJL-VN)  at  Van  Nuys, 
California.  The  experimental  rocket  engines  were  mounted  vertically  on 
a  specially  constructed  support  stand  for  firing  down  into  the  exhaust  duct. 

A  close-up  photograph  of  a  typical  test  cell  installation  is  shown  in  Figure  8. 
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A- PROPELLANTS  LINES  F- SPRING  PLATE 
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C- INJECTOR  COOLANT  SPLASH  PAM  H  -  WATER  COOLED  TIE  BOLTS  (6) 
D- SPRING  LOADED  T/C  I  -  CHAMBER  ASSEMBLY 

E- SUPPORT  STAND 

Figure  P 

SUBSCALE  EXPERIMENTAL  THRUST  CHAMBER 
TEST  CELL  INSTALLATION 
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2.  Test  Results 

a.  Combustion  Performance 

(U)  As  the  intent  of  the  subject  contract  was  the  development 
of  nonregeneratively  cooled  thrust  chambers,  only  the  combustion  perfor¬ 
mance  was  computed.  No  effort  was  made  to  determine  nozzle  performance 
or  to  design  an  optimum  nozzle  with  reduced  losses  due  to  separation  and 
boundary  layer  effects.  Based  on  a  theoretical  specific  impulse  of  263 
seconds  at  and  O/F  of  2.  0  and  a  total  propellant  flow  of  0.  400  pps,  the 
nominal  thrust  level  of  100  lbs  was  achieved.  The  maximum  theoretical 
gas  temperature  is  reached  at  an  O/F  of  2.  0,  thus  providing  a  critical 
test  of  the  durability  of  the  SiC  coated  graphite  chambers.  In  order  to 
evaluate  the  combustion  performance  during  the  test  operations,  a 
theoretical  determination  of  the  characteristic  velocity  (C*)  as  a  function 
of  chamber  pressure  and  total  propellant  flow  rate  was  made  for  the 
N2O4/O.  5  0.  5  UDMH  propellant  system.  In  this  computation  shift¬ 

ing  equilibrium  of  combustion  products  was  assumed  up  to  the  nozzle  throat 
with  frozen  conditions  present  in  the  diverging  portion  of  the  nozzle.  The 
results  of  this  computation  are  shown  in  Figure  9. 

(C)  Upon  comparing  the  experimental  combustion  performance 
results  from  Table  VI  with  the  analytical  computation  a  discrepancy  in  * 
varying  from  1%  to  20%  was  found.  There  are  a  number  of  reasons  for  this 
as  will  now  be  described.  A  principal  loss  in  combustion  efficiency  is  due 
to  the  propellants  injection  pattern.  In  the  initial  mode  of  injection  used  in 
Runs  1-16.  a  central  core  of  unreacted  oxidizer  was  created.  This  uncom¬ 
busted  oxidizer  produced  little  net  thrust  generation  and  thus  contributed  to 
poor  combustion  performance.  That  this  reason  is  essentially  correct  is 
verified  from  two  observations.  First,  when  the  fuel  flow  rate  was  main¬ 
tained  constant  but  the  oxidizer  flow  rate  decreased  to  a  lower  O/F  ratio, 
as  in  Runs  10-12,  the  combustion  efficiency  increased  on  the  order  of  ten 
percent.  Second,  cold  flow  tests  of  the  injector  head  with  water  flowing 
from  the  inner  and  outer  orifices  separately  and  in  combination  indicated 
a  tendency  for  the  spray  from  the  outer  orifices  to  sheet  and  converge  on 
the  centerline  unless  interrupted  by  an  impinging  stream  of  sufficient 
momentum  from  the  inner  orifices.  Based  on  these  observations  it  may  be 
concluded  that  the  average  combustion  efficiency  of  80%-85%  for  this  in¬ 
jection  mode  is  not  a  fundamental  limit  but  rather  is  due  to  nonoptimal 
injection  stream  impingement. 
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(C)  In  addition  to  the  above  specific  reasons,  two  other 
generally  applicable  reasons  for  poor  combustion  performance  exist. 
During  Runs  9-14,  before  the  chamber-injector  sealing  technique  was 
perfected,  the  seal  developed  a  sufficient  leak  so  as  to  reduce  the  level 
of  the  chamber  pressure.  This  resulted  in  a  significant  loss  in  C*  at 
higher  O/F  ratios,  as  evidenced  by  the  data  for  Runs  13  -14.  The  extent 
of  this  effect,  however,  was  quite  variable  and  impossible  to  quantita¬ 
tively  evaluate.  A  second  consideration,  for  Runs  1-13  and  17-22  of 
short  duration,  is  the  heat  losses  to  the  chamber  walls  during  transient 
operation.  Computations  made  for  engines  of  100  lbs  thrust  level  indi¬ 
cate  that  this  correction  is  of  the  order  of  4%-5%  during  transient  wall 
heat-up,  reducing  to  l%-2%  following  attainment  of  steady- state  wall 
temperatures.  The  decrease  in  heat  loss  to  the  chamber  walls  as  a 
long  time  run  progressed  was  manifested  by  a  slightly  increasing 
chamber  pressure  until  steady-state  wall  temperatures  were  reached. 
This  was  evident  from  the  chamber  pressure  traces  recorded  during 
Runs  14,  15,  and  16.  The  low  V  c*  of  the  initial  short  test  runs  can 
thus  be  attributed  partly  to  transient  heat  losses  and  the  unknown  rate 
and  composition  of  gas  leaking  by  the  seal,  but  was  due  mainly  to  the 
incomplete  mixing  of  oxidizer  and  fuel. 

(C)  For  the  later  propellant  injection  mode  the  fuel  and 
oxidizer  were  oriented  in  the  normal  positions  of  fuel  through  the  outer 
orifices  and  oxidizer  through  the  inner  orifices.  A  general  high  level 
of  combustion  performance  was  exhibited  with  this  injector  in  Runs  17-2  3, 
with  the  possible  exception  of  Runs  19  and  20  when  temporary  injector 
fouling  was  suspicioned.  C*  efficiencies  of  93%  to  99%  were  achieved 
during  these  runs,  indicating  excellent  propellant  mixing  and  reaction 
with  this  injection  mode. 

b.  Chamber  Performance 

(U)  A  total  of  seven  chambers  were  tested  under  this  pro¬ 
gram.  One  of  these  was  a  copper  chamber  which  was  used  for  test 
instrumentation  and  injector  operation  checkout  runs.  The  other  six 
were  subscale  thrust  chambers,  A  description  of  chamber  performance 
during  the  significant  test  runs  i3  presented  below  to  supplement  the 
summary  of  data  previously  presented  in  Table  V  and  Table  VI. 
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(U)  The  pertinent  dimensions,  pre-test  and  post-test  con¬ 
ditions  of  all  subscale  chamber  assemblies  were  given  in  Table  V. 

Table  VI  presents  a  summary  of  all  test  run  conditions.  For  cross 
reference,  the  test  run  number,  chamber  pressure  and  test  time  are 
listed  in  each  table.  During  the  subscale  chamber  tests,  outer  wall 
temperatures  were  measured  at  three  stations  with  spring  loaded  con¬ 
tact  thermocouples.  T4  was  located  at  the  throat  plane,  T5  was  at  the 
chamber-to-convergent  intersection  plane,  and  Tg,  was  located  on  the 
cylindrical  section  of  the  combustion  chamber.  Figure  8  is  a  close-up 
photograph  of  a  typical  test  cell  installation.  Spring  loaded  T/C  (D)  on 
the  left  side  of  the  photograph  measured  T^.  The  one  on  the  right  side 
measured  T5.  T4  was  attached  to  the  rear  leg  of  the  support  stand  and 
is  not  visible  in  this  photograph. 

(U)  Test  Runs  No.  1-8:  Significant  results  were  obtained 
during  Runs  No,  3,  4,  and  8  of  this  series  with  the  copper  heat-sink 
chamber.  Run  times  were  3,  6,  and  16  seconds  respectively.  The 
variables  recorded  were  the  head  temperature,  fuel  flow,  oxidizer  flow, 
chamber  pressure,  fuel  upstream  pressure,  oxidizer  upstream  pressure, 
fuel  temperature,  oxidizer  temperature,  and  three  chamber  wall  tempera- 
tares. 


(C)  For  the  3-second  run,  Pc  was  429  psia,  Wf  was  0.127  pps, 
W  was  0.  250  pps  with  an  O/F  of  1.  97,  yielding  a  C*  efficiency  of  87%. 

The  wall  temperature  reached  a  maximum  of  350°F.  As  no  damage  was 
noted  to  the  chamber  or  injector,  a  6-second  run  was  made  with  Pc  =  443 
psia,  Wf  =  0,130  pps,  WQX  =  0.  262  pps  and  an  O/F  =  2.  01.  The  resultant 
C*  efficiency  was  86%.  In  this  run  the  maximum  wall  temperature  was 
525°F. 


(C)  As  the  chamber  pressure  was  below  the  desired  level, 
the  upstream  pressures  were  increased  and  a  longer  run  was  attempted 
for  16  seconds.  In  this  run,  Pc  =  484  psia,  Wf  =  0. 141  pps,  W =  0.  292 
pps,  yielding  O/F  =  2.  07  and  C*  efficiency  of  85%.  The  maximum  wall 
temperature  was  1500°F.  At  the  conclusion  of  the  run,  a  blue  salt  deposit 
was  on  all  the  metal  surfaces,  believed  to  be  copper  nitrate.  The  throat 
area  actually  decreased  during  the  runs,  but  only  slightly. 

(U)  Test  Run  No.  9:  After  the  system  had  been  checked  out 
with  the  copper  heat  sink  chamber,  the  first  subscale  chamber  was  readied 
for  test  firing.  This  chamber  assembly  (S/N  008)  was  composed  of  a  SiC 
coated  graphite  inner  liner,  contoured  to  a  chamber-nozzle  shape,  with 


(1) 


C*  efficiencies  were  not  corrected  for  heat  loss. 
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a  0.10-inch  thick,  1/2  Ti-Moly  shell  shrunk  onto  the  liner.  The  molybde¬ 
num  alloy  shell  was  Durak  "B"  coated  for  oxidation  protection.  For  the 
first  run,  leak  pressure  seals  were  made  at  the  ends  of  the  liner- shell 
interface  with  epoxy. 

(U)  The  duration  of  Run  No.  9  was  26  seconds.  The  run  was 
terminated  at  that  time  to  prevent  possible  damage  to  external  hardware 
because  flames  were  observed  at  the  seal.  Evidently  the  epoxy  burned  out 
and  allowed  a  small  amount  of  hot  gas  to  pass  from  the  chamber  through 
the  liner  cracks  and  then  out  the  end  of  the  liner- shell  interface.  The 
chamber  pressure  remained  constant  at  489  psia,  and  although  instrumenta¬ 
tion  malfunctions  during  this  run  prevented  an  accurate  calculation  of  O/F 
ratio  and  the  performance  parameters,  an  approximate  calculation  showed 
them  to  be  in  the  desired  range.  A  post-run  dye  check  of  the  SiC  liner  did 
not  show  any  cracks  that  had  not  been  previously  evident. 

(U)  Test  Runs  No.  10  and  11:  After  sealing  the  interface 
with  B2O3,  the  same  chamber  (S/N  008)  was  again  readied  for  test.  Flow¬ 
meters,  transducers,  and  the  associated  recording  devices  were  checked 
and  recertified  for  operations.  During  test  Run  No.  10,  the  chamber 
pressure  was  constant  at  502  psia  for  the  18.2-second  duration,  when  a 
similar  fire  occurred,  and  the  run  was  terminated.  After  about  15  minutes, 
Run  No.  11  was  made  without  touching  the  chamber  or  re  sealing  the  leaks 
in  any  way.  This  run  was  terminated  after  12.  6  seconds  because  of  fire 
in  the  same  location.  The  length  of  this  run  without  crack- sealing  indi¬ 
cates  that  the  path  for  leaking  gasflow  is  a  rather  tortuous  one.  Most 
probably,  the  gas  was  leaking  from  a  crack  in  the  inner  SiC  convergent 
section  along  the  graphite-SiC  convergent  section  along  the  graphite-SiC 
interface  to  a  point  under  the  shell  where  the  SiC  is  also  cracked,  and 
from  there  out  to  the  end  of  the  chamber.  This  also  indicates  that  the 
graphite  substrate  is  not  cracked,  since  that  would  be  a  straight-: through, 
fast-leak  path. 

(U)  Test  Runs  No.  12  and  13:  were  conducted  with  subscale 
chamber  assembly  S/N  002.  Pyrex  glass  and  then  silver  -  solder  had 
been  melted  into  the  liner -shell  interface  in  a  final  attempt  to  seal  the 
internal  leaks.  The  sealing  effort  was  not  very  successful.  Both  Runs 
12  and  13  had  to  be  terminated  after  only  24.  5  and  36.  9  seconds,  respec¬ 
tively,  because  flame  appeared  at  the  seal  area. 
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{U)  Test  Run  No,  14:  was  conducted  with  chamber  No.  007, 
which  had  an  0.080-inch  thick  Ta-iOW  shell  over  a  revised  contour  liner. 
Belleville  spring  washers  were  used  in  this  assembly  for  the  first  time, 
to  supply  a  6000-lb  end  load  to  the  P.G.  seal.  All  previous  tests  had  been 
run  with  die  springs  providing  the  seal  load.  This  test  was  terminated 
after  4.  55  minutes  because  the  chamber  seal  was  leaking,  however,  no  ex¬ 
ternal  burning  was  visible.  Even  though  this  was  the  most  successful 
test  up  to  that  time,  it  was  evident  from  an  inspection  of  the  P.G.  seal 
and  the  chamber  pressure  decay  during  the  test  that  the  end  load  was 
still  not  sufficient  to  prevent  an  initial  pressure  leak  and  subsequent 
erosion  of  the  seal.  The  seal  face  of  the  SiC -coated  liner  was  discolored 
by  the  leaks  and  consequent  uneven  heating  but  was  not  eroded.  Some  very 
slight  microcracking  of  the  inner  SiC  liner  near  the  seal  end  was  dis¬ 
closed  by  a  post-test  dye  check.  Since  this  did  not  occur  in  any  of  the 
subsequent  chamber  tests,  it  was  evidently  caused  by  the  uneven  heating 
due  to  the  local  seal  leak  areas.  The  propellant  injection  pattern  inside 
this  chamber  was  also  unusual  in  that  there  were  definite  streaks  deep 
into  the  chamber  where  mixing  was  inadequate.  Since  this  was  the  only 
run  in  which  these  marks  appeared,  the  seal  leaks  must  have  passed  a 
majority  of  one  propellant  and  very  little  of  the  other.  Consequently, 
for  this  run  it  was  impossible  to  calculate  the  chamber  gas  conditions 
with  any  degree  of  accuracy. 

(C)  Test  Run  No.  15:  was  conducted  with  chamber  No.  005, 
another  new  contour-type  liner  in  a  0.100-inch  thick  Ta-lOW  shell. 

Heavier  Belleville  washers  were  used  to  produce  an  end  load  of  about 
14,  000  lb.  This  test  was  programmed  and  run  for  601  seconds  without 
interruption  or  loss  of  pressure.  A  pressure  check  and  dye  check  of 
the  chamber  after  test  showed  a  pattern  of  hairline  cracks  through  the 
nozzle  region,  and  an  escaping  pressure  path  like  all  those  previously 
tested.  The  most  likely  conclusion  is  that  the  cracking  occurred  on 
cooldown  after  the  test,  since  there  were  no  leaks  before  or  during  the 
test.  C*  efficiency  during  this  test  varied  from  82%  to  86%  at  an  O/F 
ratio  of  1.  Si.  Pc  was  steady  at  499  psia.  This  was  the  longest  run  time 
of  the  test  series  and  from  all  indications,  the  chamber  could  have  run 
for  a  much  longer  time,  since  there  was  no  oxidation  or  erosion  of  the 
inner  SiC-coated  liner.  The  measured  wall  temperatures  for  this  run 
are  shown  in  Figure  10.  The  temperature  change  shown  for  T4  and  T& 
at  300  to  340  seconds  could  not  be  reconciled  with  any  recorded  data  or 
observations . 
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Figure  10 

OUTER  WALL  THRUST  CHAMBER  TEMPERATURES 
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(C)  Test  Run  No.  16;  using  chamber  assembly  number  006, 
was  the  last  run  to  be  made  with  the  first  injector.  The  Ta-lOW  shell 
was  0.  080-inch  thick,  and  there  were  some  cracks  in  the  thin  SiC  coating 
at  the  outer  edge  of  the  seal  face  which  had  occurred  during  assembly. 

The  pre-test  pressure  check  showed  no  leakage,  so  the  test  was  run  with 
the  following  sequence;  180-sec  run,  off  45  sec,  180- sec  run,  off  30  sec, 

60  sec  on,  15  sec  off,  60  sec  on,  15  sec  off,  60  sec  on,  15  sec  off,  60 
sec  on,  run  terminated.  Propellant  flows,  C*,  and  chamber  pressure 
varied  during  the  run  with  O/F  ratios  from  1.  92  to  2.  01,  P  in  the  range 
of  482  to  455  psia,  and  C*  efficiencies  from  84.  0%  to  80.  0^.  P£  changes 
were  due  only  to  slight  propellant  flow  rate  changes.  The  measured  wall 
temperatures  for  this  run  are  shown  in  Figure  11. 

(C)  Test  Runs  No.  17-21:  All  of  the  remaining  tests  were 
run  with  the  second  injector,  which  had  better  performance  characteris¬ 
tics  at  an  O/F  -  2  than  the  one  used  for  the  previous  tests.  The  first 
five  runs  (No.  17-21)  were  short-time  (4  seconds)  tests  with  the  copper 
heat- sink  chamber  to  checkout  the  injector  and  propellant  flow  para¬ 
meters.  High  combustion  efficiencies  (  17  c*  =  95%  -  99%)  were  achieved 
during  three  of  these  runs,  but  there  was  a  problem  with  contaminants 
in  the  injector  fuel  valve  and  orifices  which  caused  a  loss  of  pressure 
and  low  combustion  efficiency  in  Runs  19  and  20.  The  injector  head  was 
cleaned  and  flushed  after  Run  20,  which  disclosed  some  small  metal 
chips  in  the  fuel  distribution  passages.  These  were  evidently  causing  a 
partial  flow  blockage  which  disrupted  the  fuel-oxidizer  impingement 
pattern.  Test  Run  21  with  the  copper  heat- sink  chamber  showed  high 
pressure  and  95%  V  c*,  so  the  injector  was  considered  qualified  for 
subscale  chamber  testing. 

(U)  Test  Run  No.  22:  was  run  on  a  heavy  wall  (0.  20-inch  ) 
TZM  shell  chamber  (S/N  604-A).  The  test  run  on  this  chamber  resulted 
in  the  only  catastrophic  failure  of  the  entire  test  series.  Almost  immedi¬ 
ately  after  ignition,  flames  were  visible  on  both  sides  along  the  length 
of  the  test  chamber.  Actually,  chamber  pressure  was  recorded  for  1.4 
seconds  and  reached  a  maximum  of  477  psia.  The  thick- wall  TZM 
chamber  was  found  to  have  shattered  (brittle  failure)  along  eight  axial  lines 
into  approximately  equal-size  pieces,  as  well  as  having  broken  along  some 
uneven  circumferential  planes.  The  fact  that  the  TZM  shell  broke  into 
eight  pieces  (which  corresponds  to  the  number  of  injection  doublets),  as 
well  as  the  fact  that  there  was  no  indication  of  overpressure  or  hard-start 
during  this  or  any  other  run,  suggests  that  the  failure  was  due  to  thermal 
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shock.  The  wall  of  this  chamber  shell  was  twice  as  thick  as  the  1/2-Ti- 
Mo  shell  of  chamber  No.  008,  which  had  been  tested  three  times  with  no 
damage  co  the  shell.  A  stress  analysis  of  this  shell,  using  the  tempera¬ 
tures  from  the  transient  thermal  analysis,  did  not  indicate  stresses  of 
a  magnitude  sufficient  to  cause  this  type  failure  (  0"^  =  10,  000  psi),  so  it 
was  probably  a  combined  effect  of  uneven  heating  and  initial  shock  loading 
on  the  stiff,  brittle  shell. 

(U)  One  other  possible  cause  of  failure  was  the  quality 
o f  the  material  in  this  particular  shell.  However,  a  metallurgical 
examination  of  the  fractured  TZM  shell  showed  no  reason  to  suspect 
the  material  qual;ty.  Therefore,  based  on  the  mode  of  failure  and  the 
knowledge  that  the  Phase  II  full-scale  chambers  would  require  thick 
shells  because  of  their  large  diameter,  this  molybdenum -based  alloy 
was  judged  potentially  unreliable  in  this  application.  The  tantalum 
alloys  were  given  primary  consideration  as  the  structural  material  for 
tne  full-scale  chamber  shells. 

(U)  Test  Run  No.  2 3:  was  conducted  with  chamber 
assembly  S/N  005.  This  thrust  chamber  was  tested  previously  forlO 
minutes  steady-state  at  a  chamber  pressure  of  ~  500  psia.  As  re¬ 
corded  in  Table  V,  numerous  hairline  cracks  had  developed  in  the 
SiC  coating  of  the  nozzle  section  during  test  Run  No.  15.  It  was  felt  that 
any  further  testing  of  this  chamber  assembly  would  be  a  severe  test  of 
the  chamber  concept  under  the  worst  possible  starting  conditions,  and 
as  such  should  prove  the  potential  usefulness  of  a  cracked,  inner  SiC 
coating.  Without  any  rework  or  crack- sealing  attempts,  this  chamber 
was  installed  in  the  test  cell  as  shown  in  Figure  8,  and  tested  at  the 
conditions  shown  for  Run  No.  23  in  Table  VI.  For  more  than  two 
minutes,  the  chamber  performed  perfectly  and  the  exterior  tempera¬ 
tures  appeared  to  be  about  the  same  as  that  visually  noted  during  the 
previous  long-time  tests.  The  chamber  pressure  was  steady  until  a 
leak  occurred  at  the  chamber -to-P.  G.  seal  face.  With  the  appearance 
of  flames  at  the  seal  joint,  the  test  run  was  terminated.  The  measured 
wall  temperatures  for  this  run  are  shown  in  Figure  12.  A  post-run 
vnspec'ion  of  subscale  thrust  chamber  No.  005  showed  no  further  cracking 
of  the  inner  f  \r,  coating,  no  measurable  change  in  the  nozzle  throat 
diameter,  and  no  visible  deterioration  of  the  SiC  coating  in  the  throat 
area.  Recorded  outer  wall  temperatures  were  no  higher  than  during 
previous  runs,  although  there  was  an  indicated  change  the  area  of 
maximum  temperature,  possibly  due  to  the  different  injection  mode. 
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(C)  Since  the  V  c*  was  95%  during  this  run,  and  there  was 
no  damage  to  the  SiC  coating  in  the  throat  area  or  appreciable  difference 
in  shell  temperature,  it  appeared  that  the  limit  of  the  Marquardt  RM-005 
SiC  coating  had  not  yet  been  reached  and  that  all  subscale  chamber  tests, 
with  both  injectors,  were  valid  evaluations  of  the  prestressed  coated- 
liner  concept. 

*  • 

3.  Analytical  -  Experimental  Comparison  of  Wall  Temperatures 

(C)  As  previously  mentioned,  the  measured  temperatures 
along  the  shell  surface  during  test  were  considerably  lower  than  those 
predicted  from  the  analytical  model.  A  number  of  possible  reasons 
exit  for  this  deviation  but  the  most  likely  conclusion  is  that  the  entire 
chamber  was  operating  cooler  than  predicted,  due  to  boundary  layer  and 
flow  profile  effects  along  the  internal  wall.  It  appears  conclusively  that 
even  though  a  high  combustion  efficiency  (95%  C*)  was  obtained,  fully 
developed  turbulent  flow  was  not  present  at  the  wall  and  so  the  gas  side 
heat  transfer  coefficient  was  lower  than  used  in  the  analysis.  The  com¬ 
parison  between  analytical  and  experimental  results  indicate  that  the 
analytical  predictions  are  best  viewed  as  the  upper  bound  to  be  used 
for  design  consideration.  The  degree  to  which  the  experimental  results 
approach  this  bound  will  be  dependent  upon  the  flow  profiles  and  gas 
condition  along  the  chamber  wall. 

(U)  During  actual  testing  two  injector  patterns  were  operational. 
In  the  first  condition  (Runs  1-16)  fuel  was  directed  through  the  inner  0.  035 
inch  orifices  toward  the  chamber  wall  with  oxidizer  flowing  out  the  0.  030 
inch  orifices  toward  the  centerline.  This  mode  of  operation  resulted  in 
low  local  O/F  ratios  at  the  chamber  wall,  thus  inhibiting  oxidation  of  the 
SiC  coating.  However,  this  also  resulted  in  some  unreacted  oxidizer  in 
the  central  core  with  a  loss  of  combustion  efficiency  and  gas  temperature. 
The  Rupe  Number  was  0.25  and  the  resulting  momentum  angle  was  0°.  A* 
a  consequence  of  this  the  wall  temperatures,  wall  O/F  and  heat  flux  at  the 
throat  were  low.  In  the  injector  used  during  the  later  tests  the  propellant 
injection  points  were  reversed  with  the  oxidizer  flowing  through  the  0.035 
inch  diameter  orifices  and  the  fuel  through  the  0.030  inch  diameter  orifices. 
This  mode,  with  a  Rupe  Number  of  0.  65,  produced  high  local  O/F  ratios  at 
the  wall  and  higher  combustion  efficiences.  The  resulting  momentum  angle 
was  8°  outward  and  was  expected  to  produce  a  more  severe  environment  for 
the  SiC  coating.  However,  the  test  with  this  injector  produced  no  oxidation 
or  erosion  of  the  coating,  even  in  the  throat  area. 
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(U)  An  interesting  possibility  for  improved  subscale  chamber 
performance  has  been  suggested  by  the  test  results.  During  some  of  the 
initial  test  runs,  O/F  ratios  in  the  range  of  1.6  were  unintentionally  ob¬ 
tained  and  the  C*  efficiencies  were  high.  This  indicates  that  by  proper 
design  and  development  the  orifice  sizes  and  direction  could  be  adjusted 
to  yield  low  local  O/F  ratios  at  the  wall  and  high  combustion  efficiency. 
This  would  eliminate  the  unreacted  oxidizer  in  the  center  of  the  chamber 
and  provide  for  greater  stream  impingement  and  reaction.  While  a  low 
local  O/F  at  the  wall  has  not  been  proven  a  requisite  in  the  present  study, 
such  a  condition  should  prove  desirable  for  sustained  operation.  Also,  in 
the  event  that  higher  chamber  pressure  operation  is  desired,  the  lower 
local  O/F  ratios  should  also  produce  a  reduced  heat  flux  in  the  critical 
throat  region,  thus  improving  coating  durability. 
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FULLSCALE  THRUST  CHAMBER  DESIGN  &  FABRICATION 

A.  5000  LB  THRUST  CHAMBER  DESIGN 

(U)  The  basic  design  criterion  for  the  fullscale  chambers  were  as 
fellows: 


Propellants 
Mixture  ratio,  MR 
Chamber  pressure,  Pc 
Thrust  level 
Chamber  diameter 
Throat  diameter 
Exit  diameter 
Exit  cone  half  angle 
Propellants  flow  rate,  w 

Operation  time 


N2O4/0.  5  N2H4  -  0.  5  UDMH 

2.0 

500  psia 

5000  lb  at  Pamb  =  13.  2  psia 
6.  046  inches 
2.  90  inches 
6.76  inches 


18.  66  Ib/sec  @  VCj^=  100% 
19.44  Ib/sec  @  Vc^-  96% 

10  min.  (continuous  or  with  up 
to  5  restarts) 


(U)  Like  the  subscale  chambers,  the  fullscale  chambers  were  composed 
of  a  SiC -coated  graphite  liner  encased  in  a  Ta-lOW  shell.  The  chamber -to- 
chamber  extension  seal  was  made  on  the  forward  flange  of  the  shell.  This  was 
a  basic  change  from  the  subscale  thrust  chambers  in  which  the  seal  was  made 
at  the  liner  face.  This  new  sealing  method  was  expected  to  result  in  a  more 
crack-tolerant  design.  Any  cracking  of  the  SiC  coating  which  might  occur 
would  not  result  in  a  pressure-leak  path  to  the  outside  of  the  composite  motor. 

(U)  In  the  design  of  the  first  fullscale  assembly,  shown  in  Figure  13, 
a  detachable  thin-wall  Ta-lOW  exit  cone-flange  assembly  was  used  to  expand 
the  gas  to  ambient  pressure  (13.2  psia).  The  SiC-coated  graphite  liner  ex¬ 
tended  to  a  point  2.  75  inches  downstream  of  the  throat.  The  overall  coated 
liner  length  was  8.  12  inches,  which  was  set  by  the  maximum  length  of  moulded 
Carbone  2239  graphite  available  in  the  necessary  large-diameter  size.  An  Air 
Force-furnished  chamber  extension  section  was  used  to  provide  a  large  (>50). 

(U)  The  selection  of  materials  for  this  thrust  chamber  was  based  on 
the  analyses  and  evaluations  of  the  Phase  I  subscale  chambers  as  reported 
in  Section  III  above.  The  Marquardt  RM-005  silicon  carbide  provides  the 
high-temperature  oxidation  and  erosion  resistance  to  contain  the  high- 
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pressure  combustor  gases  and  retain  the  internal  nozzle  contour.  The 
Carbone  2239  graphite  provides  an  appropriate  substrate  for  efficient 
deposition  of  the  SiC  coating,  and  also  provides  a  heat- sink  temperature- 
reducing  medium  to  allow  for  effective  use  of  a  radiating,  refractory-metal 
outer  shell.  Ta-lOW  metal  for  the  outer  shell  provides  a  readily  workable, 
ductile  case  which  can  be  designed  to  provide  the  necessary  prestress  to 
the  coated  liner.  Smoothly  finished  pyrolytic  graphite  proved  to  be  a  satis¬ 
factory  high-temperature,  high-pressure  seal  material  when  compressed 
between  two  equally  smooth  metal  surfaces.  These  were  the  basic  materi¬ 
als  for  the  thrust-chamber  construction  as  suggested  by  the  results  of  the 
subscale  thrust- chamber  evaluations.  The  Phase  II  effort  then  consisted 
of:  (1)  analytically  determining  the  correct  proportions  of  materials,  (2) 
purchasing  materials,  (3)  developing  fabrication  methods,  (4)  assembling 
two  motors  for  hot-firing  tests  by  the  Air  Force  at  AFRPL,  Edwards, 
California,  and  (5)  evaluating  the  test  results. 

1.  Design  Analysis 

(U)  Starting  with  the  basic  configuration  of  a  SiC -coated 
graphite  liner  encased  in  a  Ta-lOW  shell,  the  design  was  set  by  consider¬ 
ing  the  materials  properties  at  the  expected  environmental  conditions. 
Initially,  a  nominal  RM-005  SiC  thickness  of  0.  030  to  0.  035  inch  was 
selected,  based  principally  on  the  following  facts: 

a)  In  the  subscale  tests  the  SiC  coating  did  not  oxidize 
or  erode,  so  a  thick  coating  was  not  required  for 
in-firing  coating  thickness  reduction. 

b)  SiC  is  basically  a  brittle,  refractory  material  and  is 
subject  to  a  Weibull-type  strength  reduction  with 
increasing  thickness  or  volume  under  stress,  thus 
thin  sections  can  operate  at  higher  stress  levels 
than  thick  sections. 

(U)  The  wall  thickness  of  the  graphite  liner  was  set  at  0.  50 
inches  in  order  to  provide  a  temperature  drop,  from  inner  to  outer  walls, 
that  would  allows  the  Ta-lOW  shell  to  operate  at  a  temperature  where  its 
creep  strength  was  still  sufficient  to  provide  a  prestress  to  the  coated 
liner  after  10  minutes  of  operation. 

(U)  Based  on  a  deflection  analysis  of  the  thrust  chamber  compos¬ 
ite  wall  (method  of  compatible  deformations),  a  Ta-lOW  wall  thickness  of 
0.20  inches  was  found  to  be  the  minimum  that  would  provide  the  desired 
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initial  prestress  to  the  inner  SiC  coating  and  still  hold  the  liner  in  com¬ 
pression  after  10  minutes  of  operation.  In  this  analysis  one  of  the  major 
differences  between  the  subscale  and  fullscale  chambers  was  found  to  be  the 
necessity  for  the  rqaterials  of  construction  to  have  relatively  close  thermal 
expansions.  Ta-lOW  has  a  higher  a  than  the  graphite  and  the  SiC  and  thus 
tends  to  expand  away  from  the  liner  and  relieve  the  prestress.  The  molyb¬ 
denum  alloys  that  could  also  be  used  for  the  shell  have  an  a  lower  than 
Ta-lOW,  but  still  higher  than  SiC  and  graphite.  This  effect  was  relatively 
inconsequential  in  the  small  chambers,  but  was  a  definite  factor  in  the  de¬ 
sign  of  the  large-diameter  chambers.  At  the  shell  wall  design  temperature 
of  3000°F,  the  radius  change  (  5r  )  due  to  free  expansion  would  be  about 
0.010  inch  greater  for  the  Ta-lOW  shell  than  for  the  graphite  liner.  Of 
course  the  graphite  would  expand  somewhat  more  than  a  consistent  3000°F 
temperature  would  indicate,  since  the  inner  part  of  the  wall  is  at  a  higher 
temperature  than  the  outer  wall.  However,  it  was  believed  necessary  to 
design  to  a  sufficient  initial  prestress  interference  to  meet  the  goal  of 
10-minute  operation. 

(U)  The  initial  fullscale  chamber  design  was  made  considering 
the  following  facts  primarily: 

a.  The  Ta-lOW  shell  was  the  pressure-retaining  case, 
and  as  such  would  be  subjected  to  the  500  psi  chamber 
pressure  when  the  shell  had  expanded  away  from  the 
liner.  Under  this  pressure  load,  at  the  3000°F  oper¬ 
ating  temperature,  the  shell  would  undergo  an  elastic, 
circumferential  strain  that  would  result  in  a  radial 
deflection  of  0.  0035  inch. 

b.  If  the  Ta-lOW  case  were  to  operate  at  this  temperature 
and  pressure  level  for  ten  minutes,  it  would  creep 
plastically  0.  3%.  This  would  result  in  a  radial  defor¬ 
mation  of  0.011  inch,  unrecoverable.  (Ref,  6,  pg  956) 

c.  The  difference  in  thermal  expansion  between  the  liner 
and  shell  would  tend  to  unload  the  shell  up  to  0.010 
inch,  radially. 

d.  If  the  microcracking  of  the  SiC  coating  should  occur 
as  it  did  in  the  subscale  chambers,  an  inner  SiC 
coating  that  was  not  loaded  in  compression  would  tend 
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to  open  up  and  allow  the  hot  combustion  gases  to 
rea.ch  the  graphite  substructure.  ‘uC  has  a  lower 
coefficient  of  expansion  than  graphite,  which  is 
another  tendency  toward  crack  expansion  at  steady - 
state  terrpera<:ures.  With  open  cracks,  the  possi¬ 
bilities  of  graphite  oxidation  and  even  gas  flow  along 
the  graphite-SiC  interface  are  enhanced.  This  could 
undermine  tne  support  for  the  inner  SiC  coating  and 
reduce  the  restart  capability  of  the  thrust  chamber. 

e.  The  analysis  of  as-assembled  stresses  in  the  SiC 
coating  of  the  liner  and  in  the  Ta-lOW  shell  showed 
*,hem  10  be  quite  high  with  a  high  initial  interference. 

However,  due  to  initial  uncertaint  -  s  in  the  analyti¬ 
cal  procedure  the  decision  wa_,  made  to  attempt  an 
assembly  with  a  high  radial  prestress  value  that 
would  accommodate  the  pressure,  creep  and  thermal 
deflections  no*ed  above,  if  this  could  be  accomplished, 
the  thrust-chamber  assembly  would  be  theoretically 
capable  of  meeting  the  service  life  requirements  with¬ 
in  the  design  boundary  conditions.  It  was  anticipated 
that  microcracking  of  the  SiC  coating  would  occur, 
with  its  attendant  stress  relief,  thereby  allowing  the 
composite  thrust  chamber  to  perform  as  designed. 

(U)  As  discussed  later,  in  the  fabrication  section  of  this  report, 
the  initial  assembly  was  not  satisfactory,  due  to  the  high  interference  loads. 
However,  the  inner  SiC  coating  failure  did  lend  credence  to  the  analytical 
procedure  that  had  predicted  high  stresses  in  this  thrust-chamber  compo¬ 
nent,  For  the  subsequent  assemblies,  the  initial  stress  in  the  coating  was 
reduced  first  by  stai  ting  with  less  radial  interference  and  additionally  by 
increasing  the  coating  thickness. 

(U}  Before  making  the  design  interference  load  and  coating  thick¬ 
ness  changes,  the  original  design  was  rc-evaluated  to  find  out  what  improve¬ 
ments  could  be  made,  and  to  review  the  selection  of  the  original  proportion 
of  materials  through  the  composite  wall.  Consideration  was  given  to  all 
recognizable  factors  affecting  the  selection  of  component  thicknesses  in  the 
design.  Starting  with  the  RM-  005  SiC  costing  on  the  inner  surface,  the 
following  points  were  noted: 


-55- 


UNCLASSIFIED 


a.  The  assembly  loads  put  the  coating  in  compression. 

A  very  thin  or  highly  loaded  coating  would  tend  to 
fail  in  a  buckling  instability  mode. 

b.  The  chamber  concept  requires  a  radiation,  heat¬ 
sink-  cooling  type  of  operation  (non-regeneratively 
cooled).  There  is  a  temperature  drop  through  the 
entire  wall  composition.  The  AT  through  any 
homogeneous  material  section  creates  a  stress 
which  is  directly  proportional  to  the  material  thick¬ 
ness.  Thus,  a  thicker  SiC  coating  would  have 
higher  thermal  stresses,  which  are  additive  to  other 
circumferential  and  axial  stresses  caused  by  con¬ 
figuration,  pressure,  and  preload.  Also,  it  can 
accommodate  less  stress  because  of  its  lower 
strength  with  increased  thickness.  Thus,  a  thick 
SiC  coating  would  tend  to  crack  easier  than  a  thin 
one,  while  providing  a  more  stable  structure  for 
compressive  buckling  loads. 

c.  The  SiC  coating  had  not  been  oxidized  or  eroded  in 
the  subscale  tests,  so  a  thin  coating  would  be  suffi¬ 
cient  for  surface  protection.  Heat  flux  to  the  wall 
is  theoretically  less  in  a  large-diameter  chamber 
than  a  small  one  for  the  same  gas  conditions  and 
mass  flow  per  unit  area,  although  injector  effects 
could  change  this  locally. 

d.  Thus,  the  SiC  coating  should  have  a  thickness  great 
enough  to  resist  buckling,  yet  thin  enough  to  retain 
high  strength  and  resist  the  thermally  induced 
stresses. 

(U)  For  the  graphite  substrate,  the  following  points  were 

reviewed: 

a.  Its  function  is  to  provide  support  for  the  SiC  coating 
and  a  temperature  drop  from  inner  to  outer  wall  so 
the  Ta-lOW  wall  can  run  cooler. 

b.  If  it  were  thicker,  it  would  drive  the  temperature  of 
the  SiC  coating  up  while  reducing  the  shell  temperature. 
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The  SiC  could  be  damaged  by  excessive  heat.  Thicker 
graphite  would  compress  mot  e  under  the  initial  prestress 
(£  =  <r t/E)  thus  providing  less  strain  to  the  liner  and 
shell.  This  would  tend  to  be  a  desirable  condition  since 
a  high  radial  interference  could  be  used  which  would  not 
highly  stress  the  shell  or  liner  coating,  yet  would  provide 
a  spring-type  radial  growth  to  take  up  some  of  the  expan¬ 
sion  difference  between  liner  and  shell. 

c.  With  the  theoretical  lower  heat  flux  in  the  large  thrust 
chambers,  a  nominal  0.  5  inch  thickness  of  graphite 
was  selected  for  the  chamber  section,  compared  to 
0.25  inch  for  the  subscale  ’’amber  section.  The 
graphite  thickness  at  tl;e  thi  at  is  a  function  of  the  re¬ 
quired  nozzle  cor.t  ur  and  is  n  i  subject  to  any  design 
change  possibilities.  Minor  chccges  in  graphite  thick¬ 
ness  would  have  equally  minor  effects  on  the  tempera¬ 
ture  and  stress  patierns,  except  as  noted;  thus  the 
original  design  thickness  was  deemed  satisfactory. 

(U)  Since  the  graphite  and  SiC  were  necessary,  complementary 
items  (required  substrate  for  deposition  of  SiC),  the  major  design  variation 
possibilities  were  in  the  selection  of  material  and  configuration  for  the  outer 
shell. 

a.  Ta-10W  was  the  prime  contender  from  among  the 
refractory  metals  due  to  its  fabricability,  low-tem- 
perature  ductility,  high  creep  strength  at  operating 
temperature,  and  successful  use  in  the  subscale 
chambers.  It  was  felt  that  the  expansion  difference 
would  be  overcome  by  a  high  initial  radial  interference. 
Refractory  metals  are  expensive,  heavy,  not  available 
in  unusual  shapes  such  as  large  tubes,  and  difficult  to 
form  from  available  stock.  Fabricavion,  then,  was  a 
primary  consideration. 

b.  The  effect  of  a  design  thickness  increase  of  the  shell 
is  to  increase  the  shell  stiffness  and  the  SiC  coating 
stress,  while  lowering  the  initial  and  operating  shell 
stresses.  Additional  thermal  blockage  with  higher 
overall  composite  wall  temperatures,  and  a  heavier 
thrust  chamber  are  other  consequences  of  a  thick 
shell  wall. 
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c.  Ideally,  from  a  weight  and  low  initial  SiC  compressive 
stress  standpoint,  a  very  thin  shell  wall  would  be  de¬ 
sirable.  However,  since  it  must  also  react  the  inter¬ 
ference  loads  and  the  chamber  pressure,  it  must  be 
thick  enough  to  resist  these  loads  without  excessive 
deformation  or  internal  stress. 

(U)  At  this  point,  an  obvious  question  is,  how  can  the  basic  de¬ 
sign  be  changed  to  reduce  the  loads  on  the  shell  such  that  it  can  be  made 
thinner.  The  interference  load  could  be  lowered  only  if  the  shell  material 
had  a  lower  coefficient  of  expansion.  Otherwise,  the  shell  would  expand 
away  from  contact  with  the  liner  at  steady- state  temperatures,  leading  to 
the  possibility  of  fracture  of  the  graphite  substrate,  particularly  with  a  hot 
restart.  The  pressure  load  (from  chamber  pressure)  could  be  removed 
from  the  shell  surface  by  making  the  seal  at  the  forward  edge  of  the  SiC- 
coated  liner,  instead  of  on  the  shell  flange. 

(U)  However,  since  this  was  intended  to  be  alight  weight  design, 
changing  the  seal  area  was  not  possible  because  of  the  leak  possibilities 
and  the  stress  and  expansion  state  of  the  shell;  i.e.,  if  a  crack  should  de¬ 
velop  across  the  forward  SiC  seal  face,  it  would  be  a  straight-through 
leak  path  to  the  outside  ambient  pressure.  Also,  the  end  loads  required 
for  pressure  sealing  of  the  P.  G.  seal  are  carried  through  the  shell.  This 
would  create  a  high  axial  stress  and  strain  in  the  thin  Ta-lOW  shell.  During 
operation,  the  shell  would  expand  (axially)  more  than  the  SiC-coated 
graphite  liners,  thereby  removing  the  preload  and  allowing  the  seal  to  leak. 

This  type  of  seal  can  only  work  with  external  loading  that  does  not  expand 
more  than  the  coated  liner,  such  as  the  cooled  er.d-tc-end  bolts  usea  in  the  sub¬ 
scale  tests.  With  these  design  and  operation  conditions  imposed,  it  was 
not  possible  to  change  the  pressure  sealing  method. 

(U)  Since  the  shell  load  pattern  could  not  be  modified,  it  had  to 
be  designed  to  resist  the  anticipated  loads.  The  initial  interference 
stresses  are  relieved  by  expansion  during  operation,  so  they  are  secondary 
to  the  selection  of  wall  thickness.  Axial  shell  load,  duo  to  chamber  pres¬ 
sure,  is  also  a  secondary  consideration  since  it  results  in  a  low  stress. 

The  primary  factors  were  the  elastic  (recoverable)  and  plastic  creep  (non- 
recoverable)  expansion  due  to  pressure-induced  hoop  stresses  at  operating 
temperature.  The  0.2-inch  wall  thickness  was  seen  to  be  a  reasonable 
value  as  determined  by  the  original  boundary  conditions. 
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(U)  Then,  in  order  for  subsequent  assemblies  to  be  produced  for 
test,  some  compromises  would  have  to  be  made  in  the  liner  configuration 
which  would  reduce  the  as-assembled  compression  stress  in  the  SiC  coat¬ 
ing.  The  possible  variations  were  to  increase  the  thickness  of  the  coating 
or  lower  the  initial  design  interference.  The  first  composite  wall  chamber 
for  test  was  assembled  with  a  nominal  0.  010-inch  radial  interference  in 
the  nozzle  area,  tapering  in  the  chamber  area  to  0.  007  inch  at  the  forward 
edge.  The  SiC  coating  was  intended  to  be  0.  030  to  0.  035-inch  thick,  but 
was  actually  deposited  to  only  0.  026-inch  thick.  Thus,  it  was  more  highly 
stressed  and  more  susceptible  to  compressive  buckling  instability  than 
had  been  intended.  It  was  recognized  that  restart  capability  had  probably 
been  compromised,  but  if  the  Ta-lOW  shell  should  actually  operate  at  as 
low  a  temperature  as  the  subscale  chamber  shells,  even  this  capability 
loss  would  be  minimal. 

(U)  After  the  hot-firing  test  of  the  No.  1  chamber  assembly  had 
resulted  in  almost  total  loss  of  the  inner  SiC  coating  by  mechanical  break¬ 
up,  a  second  liner  was  designed  and  fabricated.  In  this  unit,  the  SiC  coat¬ 
ing  thickness  was  increased  to  0.  090  inch,  and  the  interference  values 
remained  about  the  same  as  for  the  No.  1  test  chamber.  The  method  of 
computing  the  initial  interference-induced  stresses  is  presented  in  the 
following  section.  An  analyses  of  test  results  and  design  effects  is 
presented  in  the  final  section  of  this  report. 
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2.  Deflection  and  Stress  Comparison  of  Composite  Wall  Chambers 


(U)  Reviewing  the  basics  of  this  concept,  it  should  be  noted  that 
the  SiC  is  deposited  as  a  continuous  coating,  completely  surrounding  the 
graphite  substrate.  The  outer  SiC  surface  has  a  larger  diameter  than  the 
inner  diameter  of  the  Ta-lOW  shell.  Assembly  is  made  by  thermally  ex¬ 
panding  the  shell  and  inserting  the  cold,  SiC-coated  graphite  liner.  At 
ambient  temperature  this  produces  an  effective  P0  at  the  Ta-lOW-to-SiC 
interface  which  deflects  the  shell  outward  from  its  unassembled  equilib¬ 
rium  position  and  the  SiC-coated  graphite  inward  from  its  unassembled 
equilibrium  position.  The  assembled  equilibrium  position  of  the  interface 
depends  on  the  relative  deformation  resistances  of  the  individual  or  com¬ 
bined  chamber  components.  The  following  paragraphs  describe  the 
method  of  compatible  deformations  that  was  used  to  compute  the  as- 
assembled  deflections  and  stresses  in  both  the  sub-  and  full-scale  thrust 
chambers. 

1.  The  Ta-lOW  shell  is  free  to  move  outward  (no  ex¬ 
ternal  restraint)  and  its  deflection  under  an  internal 
load  is  thus  resisted  only  by  the  stiffness  of  its 
cylindrical  shell.  The  radial  deflection  for  this 
component  under  a  uniform  internal  load  P0  is: 

Po  r2 

g  =  -  (circumferential  strain  only:  no 

Et  end  load  present) 

2.  The  inner  SiC  coating  (cylindrical  section)  is  simi¬ 
larly  free  to  move  inward  under  an  external  load. 

The  radial  deflection  for  this  component  under  a 
uniform  external  load  is: 

P|  '2 


These  deflections  can  be  calculated  on  the  basis  of  unit  pressure  loadings, 
6  /P,  the  reciprocal  of  which  will  be  a  reasonable  approximation  of  the 
spring  rate,  k,  for  that  component. 
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3.  Between  the  inner  and  outer  shells  there  is  a 
cylinder  of  graphite  which  is  "thick-walled"  at 
the  nozzle  section,  transisting  to  almost  "thin- 
walled"  at  the  combustion-chamber  section. 
Where  it  is  thin-walled,  the  equations  above 
would  describe  its  free  motion  (no  external  or 
internal  restraint)  to  external  or  internal  pres¬ 
sure  loads.  The  Lame'’  equations  for  thick- 
walled  cylinders  can  be  used  to  describe  the 
free  motion  of  the  thick-walled  sections,  where 
the  deflections  of  the  inner  and  outer  surfaces 
are  not  the  same. 

Deflection  of  thick-wall  cylinder: 

due  to  external  pressure,  P. 


due  to  internal  pressure,  P. 


(U)  The  relative  deflections  per  unit  radial  pressure  load,  and  the 
spring  rates  of  the  individual  components  can  thus  be  calculated,  but  a  real¬ 
istic  analysis  of  the  composite  deflections  and  stresses  requires  something 
more.  Specifically,  the  graphite  is  not  free  to  move  under  load,  either 
radially  inward  or  outward.  The  inner  SiC  coating  restricts  its  inward 
motion  and  the  outer  Ta-lOW  shell  restricts  its  outward  motion.  There  is 
also  a  very  thin,  <0.010  inch  outer  coating  of  SiC  on  the  graphite,  but  the 
effect  of  this  is  small  and  is  neglected  in  this  analysis.) 
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(U)  The  equilibrium  position  of  the  sliell-liuer  interface  can  be 
calculated  by  knowing  the  relative  deformation  resistances  and  finite 
deformations  of  the  inner  and  outer  structures  at  that  position.  For  a  two- 
cylinder  system  the  analysis  is  statically  determinate  by  use  of  the  equa¬ 
tions  noted  above.  The  three-cylinder  svstem  used  here  is  statically 
indeterminate  and  requires  an  iterative  calculation  process  to  approximate 
the  stresses  and  deflections  of  toe  individual  components.  Since  there  are 
definite  variations  in  the  properties  of  materials  used  in  these  thrust 
chambers  and  incomplete  determination  of  these  variations,  it  was  felt 
that  an  approximate  analysis  method  would  be  adequate.  It  was  assumed 
that  sufficient  characterization  of  the  individual  component  deflections  and 
stresses  in  both  subscale  and  fullscale  chambers  could  be  made  as  follows: 

1.  The  individual  component  deflections  per  unit  load 
could  be  calculated  for  unrestrained  cylinders  at 
the  throat,  and  through  a  chamber  station.  (  8/P). 

2.  The  spring  rate  for  each  component  could  be 
calculated,  (k  *  1  t  8/P).  In  the  thick  graphite 
sections  there  are  four  8/P  values  and  four  k  values. 

Two  each  at  the  inner  surface  and  at  the  outer  surface 
because  of  different  response  to  internal  and  external 
loads. 

3.  Since  the  Ta-lOW  shells  are  shrunk  onto  the  SiC- 
coated  liners,  the  problem  is  to  find  the  combined 
resistance  of  the  graphite  ai  d  SiC.  Initially  it  was 
assumed  that  the  spring  rate  of  the  SiC  plus  an 
average  of  the  graphite  spring  rates  (due  to  external 
load)  could  be  added  for  direct  comparison  with  the 
shell  rate.  This  would  determine  the  proportions  of 
initial  interference  absorbed  by  the  shell  and  by  the 
coated  liner,  with  the  SiC  and  graphite  acting  as 
parallel  springs. 

k  kQ 

(%  of  interference  to  shell  -  — - r - r - x  100) 

kSiC  kG  kTa-10W 

4.  After  the  determination  of  th*.  relative  deflections  of 

the  Ta-lOW  outer  shell  and  the  SiC  plus  graphite 
inner  liner,  the  tensile  stresses  (c rt)  in  the  shell 
are  calculated  from  the  8 /P  and  =  Pr 
relationships.  1 

-62- 


UNCLASSIFIED 


UNCLASSIFIED 


quatdi 

fawviMrin* 


VAN  NUtS.  CAIIFOINM 


5.  Next,  approximations  of  the  deflection  and  compressive 
stress  in  the  SiC  coating  are  made  by  assuming  the  SiC 
reacts  all  of  the  inward  radial  deflection  (  8r.).  This 
would  provide  the  theoretical  maximum  interference 
load  that  could  be  transmitted  to  the  inner  SiC  coating 
if  the  graphite  were  incompressible,  i.e.  if  it  trans¬ 
mitted  the  load  without  being  internally  deformed. 

From  this  an  unachievable  maximum  compressive 
stress  in  the  SiC  is  calculated. 


8r; 


(  or  B  *_E_)  where  P  ■  P-  :  — — 
*  (8/P) 


SiC 


6.  The  calculations  above  are  based  on  thin  wall  hoop 
stress  and  deflection  formulas  which  disregard  radial 
strain  through  the  wall,  except  in  the  thick  wall  graphite 
at  the  throat  sections.  When  the  equivalent  PQ  to  move 
the  graphite  through  the  distance,  Sri>  was  calculated, 
in  most  cases  it  was  found  to  be  small  in  relation  to  the 
equivalent  PQ  on  the  Ta-lOW  shell  and  the  P^  on  the  SiC 
coating.  Thus,  even  though  it  would  take  a  very  low 
load  to  move  an  unsupported  graphite  cylinder  through 
the  required  distance,  the  graphite  is  actually  trans¬ 
mitting  much  higher  loads  between  the  inner  and  outer 
cylinders.  In  the  process  of  transferring  these  loads 
the  graphite  must  be  compressed  radially. 

7.  As  it  is  being  compressed  radially,  the  graphite  is 
essentially  reducing  the  initial  prestress  interference, 
i.e.  interference  that  is  absorbed  by  radial  strain  in  the 
graphite  is  not  transmitted  to  the  SiC  or  Ta-lOW.  Thus 
the  approximate  interative  process  begins  with  certain 
additional  assumptions  as  to  the  stressed  condition  of 
the  graphite.  First,  the  linear  compressive  strain 
(radial)  in  the  graphite  is  computed  by  assuming  the 
graphite  is  loaded  by  an  intermediate  percentage  of  the 
average  of  PQ  and  P^  less  the  effective  PQ  to  deflect  the 
graphite  through  the  distance  8rQ.  The  compressive 
strain  from  this  calculation  is  subtracted  from  the 
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initial  interference,  A.  New  values  for  P0  and  P* 
are  then  calculated  anckcompared  with  the  assumed 
pressure  difference  compressing  the  graphite.  This 
iterative  process  is  continued  until  the  assumed  and 
calculated  pressure  values  converge  and  the  actual 
radial  strain  in  the  graphite  is  determined.  At  this 
point  the  radial  displacements  and  strains  through 
the  composite  wall  are  known  and  the  acting  PQ  and 
P^  can  be  calculated.  With  these  more  realistic 
pressures,  hoop  tension  and  compression  values  in 
the  Ta-lOW  shell  and  the  SiC  liner  can  be  calculated 
with  the  assurance  that  they  are  reasonably  correct. 

(U)  The  results  of  these  calculations  are  shown  in  Table  VII  for 
three  subscale  configurations  and  both  fullscale  thrust  chambers.  The 
material  properties  used  in  conjunction  with  the  dimensions  shown  in  the 
table  were  as  follows: 

Young's  modulus  at  room  temperature: 

ETa-  10W  “  20.  6  x  1  0^*  psi 

^Graphite  =  1.0  x  106  psi 

Esic  =  30.  0  x  106  psi 

Poisson's  ratio: 

Graphite  = 

The  modulus  of  30  x  10^  psi  for  SiC  is  based  on  some  previous  tests  of 
RM-005  SiC  coated  retangular  graphite  bars  in  bending.  Silicon  carbide 
is  generally  reported  as  having  a  modulus  of  about  60  x  10^  psi.  The 
precise  effect  of  a  EgjQ  change  of  this  magnitude  has  not  been  calculated, 
but  it  would  have  the  following  general  effect.  The  SiC  coating  would  be 
twice  as  stiff  (resistant  to  deformation)  as  it  was  calculated  to  be.  This 
would  change  the  deflection  pattern  such  that  more  of  the  initial  radial 
interference  would  be  transferred  to  the  Ta-lOW  outer  shell  and  less  to 
the  inner  SiC  coating.  The  effect  of  a  higher  SiC  modulus  of  elasticity 
would  be  to  significantly  lower  the  as-assembled  compressive  stress  in  the 
liner. 
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(U)  Conversely,  a  higher  SiC  modulus  of  elasticity  has  a 
deleterious  effect  on  the  thermal  shock  or  thermal  stress  that  the  coating 
can  sustain  without  fracture.  This  arises  since  the  allowable  AT  is 
inversely  proportional  to  the  modulus  of  elasticity,  E.  A  comparison  of 
relative  thermal  shock  resistances  for  the  subscale  and  fullscale  thrust 
chambers  is  presented  later  in  this  report. 

(U)  Returning  to  the  data  in  Table  VII ,  it  should  be  noted  that 
this  is  only  a  presentation  of  as-assembled  component  deflections  and 
stresses..  The  subscale  chambers  selected  for  this  comparison  were; 

(l)  the  basic  design,  (2)  S/N  005  which  had  run  for  602  seconds  continuous 
plus  132  seconds  in  a  subsequent  run,  and  (3)  S/N  006  which  had  run  for 
600  seconds  intermittently  with  five  restarts.  A  comparison  of  these 
with  the  two  fullscale  configurations  shows  the  basic  differences  in  the 
initial  stressed  state  of  the  SiC  coatings  and  the  Ta-lOW  shells. 

(U)  In  the  No.  1  fullscale  chamber  assembly,  it  can  be  seen  that 
the  hoop  compression  stresses  in  the  throat  section  SiC  coating  are  higher 
than  in  any  of  the  other  throat  sections.  This  is  partly  because  the  thick¬ 
ness  was  below  the  design  range;  however,  the  coating  stress  would  still 
have  been  in  the  50,  000  psi  range.  In  the  chamber  section  of  this  assembly, 
the  initial  SiC  stress  was  in  the  same  range  as  that  in  the  two  highly  success¬ 
ful  subscale  test  chambers.  The  increased  thickness  of  SiC  in  the  No.  2 
assembly  resulted  in  a  considerable  lowering  of  the  initial  compression 
stresses.  Although  the  chamber  section  coating  stress  was  reduced  to 
about  half  that  in  the  subscale  chamber  sections,  the  stress  in  the  throat- 
section  coating  was  still  higher  than  in  the  equivalent  subscale  throat  section. 
With  the  present  configuration  bounds,  this  is  about  the  minimum  acceptable 
value  for  a  coating  assembly  stress. 

B.  5000  LB  THRUST  CHAMBER  FABRICATION 

(U)  The  basic  materials  for  this  chamber  were  Carbone  2239  graphite 
for  the  liner  substrate,  Ta-lOW  for  the  shell  and  Marquardt’s  RM-005  silicon 
carbide  for  the  liner  protective  coating.  Round  moulded  graphite  was  purchased 
in  the  maximum  size  available  (9.0  OD  x  8.25  inches  long)  and  machined  to 
the  chamber -nozzle  contour.  After  machining,  the  graphite  liners  were  coated 
with  SiC  by  vapor  deposition.  After  coating,  the  outside  diameter  and  the 
rear  face  were  finished  by  grinding  to  a  very  fine  finish  and  precise  dimensions. 


-66- 


UNCLASSIFIED 


UNCLASSIFIED 


(U)  The  flanged  cylindrical  shell  of  Ta-lOW  was  somewhat  more 
difficult  and  time-consuming  to  fabricate.  Large-diameter  tube  or 
pierced  rod  was  not  available  in  any  reasonable  length  of  time,  so  the 
starting  material  was  purchased  from  NRC  in  the  form  of  0.  3  inch  thick 
plate.  The  shell  assembly  was  made  by  the  following  process: 

1.  Press-brake-form  cylinder  from  Ta-lOW  plate 
(intermediate  stress  relief). 

2.  Fit  longitudinal  joint  and  E.  B.  weld. 

3.  Rough-machine  cylinder. 

4.  Rough-machine  forward  and  aft  flanges. 

5.  E.  B.  weld  flanges  to  cylinder,  X-ray  inspect. 

6.  Finish-machine  flanges  and  cylinder  O.  D. 

7.  Finish-machine  and  grind  cylinder  I.  D. 

8.  Have  Sylcor  R512  coating  applied. 

9.  Finish-grind  cylinder  I.  D.  and  flange  seal  areas. 

After  this  final  clean-up,  the  shell  was  ready  for  assembly  with  the  SiC- 
coated  graphite  liner.  The  Ta-lOW  exit  cone  assembly  was  fabricated  by 
roll-forming  the  cone  from  0.  040-inch  thick  sheet,  seam  welding,  and 
then  final  welding  to  the  rear  flange.  After  final  machining,  this  part  was 
also  coated  with  R512  by  Sylcor.  Attachment  of  the  exit  flange  to  the  shell 
was  made  with  0.5%  Ti-Mo  nuts  and  bolts  .  These  were  not  available 
commercially,  so  they  were  machined  in-house  and  coated  with  Durak  "B" 
b>  the  Chromizing  Corporation. 

(U)  Water-cooled  steel  bolts  were  fabricated  for  attachment  of  the 
chamber  assembly  to  the  Air  Force  water-cooled  chamber  extension 
section.  The  pressure  seal  between  sections  was  made  by  compressing  a 
P.G.  gasket  between  the  flange  faces.  The  gasket  and  flange  faces  were 
lapped  to  an  8  microinch  finish.  After  final  assembly  of  the  thrust  chamber 
and  chamber  extension,  it  was  plugged  in  the  throat  and  capped  at  the 
forward  end  for  a  500  ps>  pressure  check. 
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(U)  Two  5000  lb  thrust  chamber  assemblies  were  completed  for  hot- 
firing  evaluation  by  the  Air  Force  at  AFRPL,  Edwards,  California.  A 
detailed  description  of  the  fabrication  effort  on  individual  components  and 
assemblies  is  presented  below. 

SiC  Coated  Graphite  Liners 

(U)  Originally,  four  liners  were  machined  from  Carbone  22  39 
graphite  and  coated  with  RM  005  silicon  carbide.  One  of  these  was  an 
inferior  piece  of  graphite  which  has  visible  voids  at  the  internal  machined 
surface.  This  piece  was  used  only  to  help  set  the  coating  deposition  para¬ 
meters.  The  second  liner  coated  showed  evidence  of  some  surface  flaking 
but  was  also  useful  to  evaluate  O.  D.  and  rear  face  grinding  procedures. 

The  third  and  fourth  liners  were  coated  and  finish  ground.  Both  were 
apparently  suitable  for  test  use,  even  though  there  was  some  microcracking 
and  spalling  of  the  coating  on  the  ground  surfaces.  The  interior  SiC  coated 
surfaces  were  of  a  general  high  quality.  The  best  one  of  these  (liner  S/N  003) 
was  used  for  the  first  trial  assembly  into  the  Ta-lOW  shell.  A  photograph 
of  this  liner  is  presented  as  Figure  14. 

Ta-lOW  Flanged  Shell 

(U)  The  Ta-lOW  plate  was  pc #er- brake -formed  to  a  cylindrical 
shape  which  could  be  closure-welded  and  finish  machined  to  the  required 
inside  diameter.  End  scraps  from  the  plate  were  then  prepared  for 
electron  beam  (E.  B.  )  weld  evaluation.  E.  B.  weld  evaluations  were  first 
made  at  the  Hughes  Research  Laboratory  with  their  3  KW  Hamilton- Zeis 
machine.  Narrow  specimens  0.  4  inch)  were  originally  welded  and 
looked  satisfactory  upon  initial  examination.  However,  sectioning  and 
metallographic  examination  (after  polishing  and  etching)  showed  insuffi¬ 
cient  penetration  and  some  voids  in  the  weld  area.  After  further  trials  and 
metallurgical  and  chemical  examinations,  it  was  determined  that  the  Hughes 
machine  was  not  powerful  enough  to  weld  this  thickness  of  Ta-lOW,  even 
with  two  passes.  A  two-pass  joint  had  also  been  designed  in  which  the 
lower  half  of  the  joint  would  be  flush -butt -welded  and  then  the  upper  half 
of  the  joint  would  be  strip-filled  before  wrelding.  Because  of  the  low- 
power  capacity  of  the  machine,  even  this  method  was  not  completely  satis¬ 
factory.  The  Elektron  Standard  Company  was  then  approached  to  determine 
their  capability  of  welding  this  tnic.kness  of  Ta-lOW. 


-68- 


UNCLASSIFIED 


UNCLASSIFIED 


Figure  14 

RM-005  SiC  COATED  GRAPHITE  LINER 

6  INCH  DIAMETER  -  5000  POUND  THRUST  CHAMBER 
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(U)  After  a  number  of  additional  trials  and  weld  examinations, 
electron  beam  welding  of  this  thick  material  (0.  30  in. )  was  accomplished 
at  Elektron  Standard,  with  a  6  KW  welder.  A  strip  of  0.  040 -inch  thick 
Ta-lOW  was  used  as  a  backup  behind  the  joint.  The  beam  was  set  to 
penetrate  through  the  joint  and  into  the  backup  strip,  but  not  through  it. 

In  this  manner,  the  molten  material  is  contained  and  full  joint  material 
thickness  is  achieved  with  little  or  no  undercutting.  Without  the  backup, 
the  weld  parameter  settings  were  extremely  critical  and  either  insuffi¬ 
cient  penetration  occurred  or  the  beam  passed  through  the  material, 
undercutting  at  top  and  bottom. 

(U)  After  the  longitudinal  seam  weld  was  made,  the  ends  of  the 
cylindrical  shell  were  machined  so  the  flange  weld  joints  could  be  made. 
Backup  strips  were  again  used  to  contain  the  beam.  The  assembly  was 
then  X-ray  inspected  at  a  vendor  facility  with  a  million-volt  unit.  The 
seam  weld  and  the  forward  flange  weld  were  Class  I  welds,  but  the  aft 
flange  joint  had  some  minor  voids.  Since  these  were  minor  and  the 
material  is  ductile,  the  part  was  accepted  for  use.  After  X-ray  inspec¬ 
tion,  the  assembly  was  ready  for  final  machining  on  all  surfaces.  When 
the  machining  was  completed,  the  thrust- chamber  shell  was  shipped  to 
Sylcor  in  New  York  for  application  of  the  R512  oxidation  protection  coat¬ 
ing.  Final  grinding  of  the  inside  diameter  and  the  seal  face  were 
accomplished  after  coating,  to  ready  the  flanged  chamber  for  liner  in¬ 
stallation.  Figure  15  shows  this  unit  in  the  as -coated  condition. 

Ta-lOW  Flanged  Exit  Cone 

(U)  The  exit  cone  was  first  roll-formed  from  0.  040-inch  thick 
Ta-lOW  sheet  and  E.  B.  seam-welded.  The  cone  was  trimmed  and  the 
flange  machined  to  match  the  exit  diameter  of  the  SiC -coated  liner.  Then 
the  cone  was  E.  3.  welded  to  the  flange,  final  machined,  and  shipped  out 
for  R512  coating.  Figure  16  is  a  photograph  of  this  assembly  after  coating. 

Attachments  and  Seals 

(U)  Water-cooled  bolts,  coolant  distribution  manifolds  and  coolant 
lines  were  fabricated  using  standard  processes.  The  0.  5%  Ti-Mo  bolts 
and  nuts  (for  attachment  of  the  exit  cone  flange  to  the  rear  shell  flange) 
were  designed  and  fabricated  with  a  slightly  rounded  thread  form.  Be¬ 
cause  of  the  brittleness  of  this  material  at  room  temperature,  it  was 
difficult  to  machine  to  precise  dimensions.  However,  by  selective  fit 


-70- 


UNCLASSIFIED 


4 


*  i 

i 

i; 

Figure  15  | 

% 

R512  COATED  Ta-lOW  SHELL  ASSEMBLY  ] 

5000  POUND  THRUST  CHAMBER  ] 
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Figure  16 

R512  COATED  Ta-lOW  EXIT  CONE  ASSEMBLY 

5000  POUND  THRUST  CHAMBER 


R  -21,  945 
Neg.  8128-3 
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of  the  16  nuts  and  16  bolts,  the  individual  tolerance  effect  was  minimized. 

Only  one  of  the  bolts  was  broken  during  the  few  times  that  the  joint  was  as¬ 
sembled.  Light  torque  loads  were  used  since  the  joint  would  tend  to  tight¬ 
en  up  under  heating  conditions  (Ta-lOW  expansion  is  greater  than  0.  5%  Ti- 
Mo). 

(U)  Pyrolytic  graphite  washer -type  seals  were  easily  me. chined,  and 
then  lapped  to  a  precise  thickness  dimension  and  a  fine  surface  finish.  The 
hardware  mating  surfaces  (chamber  extension  and  the  coated  shell)  were 
also  finished  to  a  very  smooth,  flat  surface  conditions,  so  that  an  effective 
pressure  seal  could  be  easily  made. 

Shell-Liner  Assembly 

(U)  With  the  shell  fabricated  to  a  smaller  diameter  than  the  SiC- 
coated  liner,  it  was  necessary  to  expand  the  liner  before  the  assembly 
could  be  made.  A  simple  assembly  fixture  was  designed  and  fabricated 
to  assist  the  rapid  insertion  of  a  SiC -coated  liner  into  the  heated  shell. 

Figure  17  is  a  photograph  of  the  fixture  showing  the  liner  attached  to  the 
rod  of  a  fast-acting  air  cylinder.  In  operation,  induction  coils  are 
wrapped  around  the  shell  below  the  liner.  A  heat  shield  is  placed  below 
the  liner  to  keep  it  cool  and  unexpanded.  When  the  shell  has  been  in¬ 
ductively  heated  to  the  required  temperature  ('W500°F),  the  heat  shield 
is  removed  and  the  air  cylinder  actuated  by  an  electrically  operated 
solenoid  valve.  Liner  insertion  is  accomplished  in  less  than  0.  5  seconds 
by  this  method.  Thus,  the  liner  can  be  fully  inserted  before  the  shell  can 
cool  and  contract.  The  assembly  procedure  was  thoroughly  checked  out 
and  no  problems  were  encountered  during  this  step  of  the  operation. 

(U)  The  first  assembly  of  a  SiC -coated  liner  into  the  flanged  shell 
was  made  with  a  high  radial  interference  liner.  The  assembly  went  as 
planned;  however,  some  cracking  and  spalling  of  the  SiC  coating  in  the 
throat  section  was  evident  on  cool-down  from  the  assembly  heat  cycle. 

The  assembly  was  made  on  a  Friday  afternoon,  and  some  additional  spalling 
occurred  in  the  combustion  chamber  and  convergent  section  at  some  time 
during  the  weekend.  Figure  18  is  a  photograph  of  the  first  assembly,  show¬ 
ing  that  the  coating  has  been  completely  lost  in  the  chamber  area  and  for¬ 
ward  edge,  except  in  the  one  small,  light  area  at  the  bottom  of  the  picture. 
Further  into  the  chamber  and  nozzle  convergent  section,  areas  of  thin  SiC 
coating  can  be  seen.  Four  laminations  were  evident  in  the  remaining  coating. 
Microscopic  examination  of  a  full  thickness  section  of  coating  from  the  throat 


-73- 


UNCLASSIFIED 


Figure  17 

ASSEMBLY  FIXTURE 

5000  POUND  THRUST  CHAMBER 
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Figure  18 


FIRST  ASSEMBLY  -SiC  COATING  FLAKED 

5000  POUNO  THRUST  CHAMBER 
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area  showed  at  least  9  laminations  and  a  high  carbon  content  in  the  material. 
This  type  of  structure  is  attributed  to  temperature  and/or  flow  interruptions 
in  the  vapor  deposition  process. 

(U)  The  laminated  coating  composition  resulted  in  a  structure  that 
was  unstable  under  the  high  compressive  loads  imposed  on  it  in  this  assembly. 
Two  possible  corrective  measures  were  available,  and  both  were  undertaken. 
First,  a  new  graphite  liner  was  designed  to  apply  a  reduced  compressive 
stress  to  the  inner  SiC  coating.  Second,  coating  deposition  variables  were 
re-evaluated  and  more  finely  controlled. 

(U)  This  assembly  was  made  without  incident.  Figure  19  shows  this 
liner-shell  assembly  which  was  designated  Test  Assembly  No.  1.  The 
coating  composition  and  appearance  were  excellent,  although  the  thickness 
was  less  than  desired.  No  coating  was  lost  during  this  assembly,  and  only 
minor  microcracking  of  the  surface  occurred  at  circumferential  areas  at 
the  throat  and  the  entrance  to  the  convergent  section.  Cracking  was  less 
pronounced  than  in  the  majority  of  the  subscale  assemblies. 

(U)  After  attachment  of  the  exit  cone,  the  nonregeneratively  cooled 
thrust  chamber  was  bolted  to  the  water-cooled  chamber  extension  section. 

The  entire  assembly  was  successfully  pressure-checked  at  500  psi,  and 
then  transported  to  AFRPL  for  setup  and  test.  The  completed  assembly 
is  shown  in  Figure  20. 

(U)  When  this  No.  1  test  assembly  lost  the  inner  SiC  coating  by 
mechanical  breakup  during  a  5 -second  hot-firing  run,  the  entire  chamber 
design  was  reviewed  and  some  modifications  made  for  the  second  test 
assembly.  Figure  21  is  a  cross-section  drawing  of  the  second  fullscale 
thrust-chamber  assembly.  This  differs  from  the  first  assembly  (Figure 
13,  page  52)  in  the  following  respects: 

1.  The  inner  RM  005  silicon-carbide  coating  thickness  was  in¬ 
creased  from  a  nominal  0.030  to  0.090  inches.  The  actual 
change  was  from  0.  C26  to  0.  094  for  the  two  test  assemblies. 

2.  The  SiC-coated  graphite  liner  was  shortened  on  the  forward 
end  to  allow  full  radial  prestress  to  the  coated  liner  end. 

Due  to  the  radius  on  the  I.  D.  -to-forward  face  of  the  Ta-lOW 
shell,  the  first  liner  was  not  loaded  in  this  area,  and  the 
liner  partially  fractured  on  startup  with  the  resultant  loss 
of  coating  and  substrate  protection.  (See  inset,  Figure  13) 

With  the  shortening  of  the  liner,  a  space  of  less  than  0.2 
inch  was  created,  which  was  filled  with  a  pyrolytic 
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Figure  19 

SiC  COATED  GRAPHITE  INSERT 
Ta-lOW  SHELL  ASSEMBLY 

5000  POUND  THRUST  CHAMBER 
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Figure  20 

5000  POUND  COMPOSITE  THRUST  CHAMBER  ASSEMBLY  NO. 

AS  ASSEMBLED 


SCALE  (5000  POUND)  THRUST  CHAMBER 


graphite  ring  which  was  compressed  on  assembly  to  preload 
the  forward  liner  face  in  the  axial  direction.  This  was  in¬ 
tended  to  further  reduce  the  possibility  of  catastrophic  liner 
break-up  on  ignition. 

4.  The  most  noticeable  change  is  at  the  exit  end  of  the  assembly. 
During  the  first  test,  a  thin-wall  (0.040-inch)  Ta-lOW  exit- 
cone  extension  was  used  to  provide  full  exhaust  gas  expansion. 
This  R512-coated  cone  was  badly  damaged  during  the  5- 
second  test,  so  an  exit  cone  was  not  used  on  the  second 
chamber  assembly.  Instead,  a  similar  flange-plate  closure 
was  fabricated  from  Ta-lOW  plate  and  R512-coated  on  all 
surfaces  except  for  the  I.  D.  surface  on  which  a  thick  (0.  020  - 
0.030-inch)  Hf-Ta  coating  was  deposited  for  higher  tempera¬ 
ture  protection. 

(U)  The  rest  of  the  second  assembly  was  identical  to  the  first  test 
item,  and  in  fact,  used  the  same  thrust -chamber  shell  and  assembly  hard¬ 
ware.  To  produce  this  second  assembly,  two  new  graphite  liner  substrates 
were  machined  and  SiC-coated.  The  first  of  these  was  coated  to  a  0.071 - 
inch  thickness  and  the  second  was  coated  to  0.094.  The  forward,  rear,  and 
outer  surfaces  were  ground  to  provide  smooth  surface  s  for  the  assembly 
preloading.  The  0.094-inch  thick  coated  liner  was  selected  for  assembly 
with  the  shell,  and  the  assembly  was  made  with  no  detrimental  effects  on 
either  component.  There  were,  however,  some  surface  defects  in  the 
chamber  section  of  the  SiC  coating.  Some  flaking  of  a  very  thin  inner 
SiC  coating  was  evident  in  this  area.  This  thin  coating  was  discontinuous 
from  the  homogeneous,  full- thickness  coating  structure,  having  formed 
only  in  a  localized  area  during  the  terminal  phase  of  the  coating  deposition 
process.  Due  to  the  possible  ineffectiveness  of  the  discontinuous  coating, 
a  nominal  SiC  thickness  of  0.  090  was  used  in  the  stress  and  failure  analysis 
calculations.  Attachment  of  the  rear  flange  and  the  chamber  extension 
section  concluded  the  fabrication  effort  under  this  program. 
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FULLSCALE  THRUST  CHAMBER  TESTING  &  EVALUATION 


FULLSCALE  THRUST  CHAMBER  TESTING 


(U)  Hot-firing  tests  of  both  fullscale  thrust  chamber  assemblies 
were  accomplished  by  AFRPL  facility  personnel  in  Test  Area  1-46,  AFRPL, 
Edwards,  California.  Although  specific  information  is  not  available,  the 
test  instrumentation  and  controls  were  extensive  and  thorough.  The  thrust 
chamber  assemblies  were  bolt<.  d  to  the  Air  Force  injector  and  fired 
horizontally. 

(U)  The  injector  was  a  multielement  type,  resulting  in  high  combustion 
efficiencies.  The  outer  ring  of  injection  points  had  24  sets  of  two  fuel  jets 
and  two  oxidizer  jets  impinging  at  a  common  point.  Additional  sets  of  injec¬ 
tion  points  were  located  across  the  injector  face.  The  fuel  injection  holes 
were  in  the  outer  ring,  angling  inward,  and  the  oxidizer  holes  were  inboard, 
angling  outward.  At  the  O/F  ratio  of  1.  6  used  in  the  No.  2  test,  the  momen- 
tun  angle  of  the  oxidizer /fuel  exchange  was  18°  to  19°  outboard  from  the 
chamber  axis  (toward  the  wall).  During  the  No.  1  test,  at  an  O/F  ratio  of 
1.8,  it  was  even  higher. 

(U)  In  addition  to  the  customary  pressure,  temperature,  and  flow 
measurements,  specific  instrumentation  for  these  chamber  tests  consisted 
of  six  high-temperature  thermocouples  on  the  outer  wall  and  overall 
chamber  observation  by  photographic  pyrometry  and  high-speed  motion 
pictures.  For  the  test  of  the  No.  1  assembly,  four  of  the  Pt/Pt-10%  Rh 
thermocouples  were  located  on  the  cylindrical  shell  and  two  were  on  the 
exit  cone.  As  for  the  subscale  tests,  these  thermocouples  were  not 
attached  to  the  structure,  but  were  held  in  intimate  contact  by  spring 
loading.  Attachment  to  the  Ta-lOW  shell  would  have  required  grinding  away 
an  area  of  the  R512  coating.  This  could  leave  an  unprotected  metal  area 
open  to  oxidation  degradation,  since  a  ceramic  potting  would  have  had  to  be 
used  which  might  spall  off  during  test. 

(U)  From  the  instrumentation  standpoint,  high-speed  motion  pictures 
are  only  useful  for  general  observations.  However,  as  an  aid  to  failure 
analysis,  they  are  invaluable  since  they  can  show  how  and  when  specific 
events  occurred.  A  new  method  of  temperature  i.easurement  that  was 
used  in  these  tests  was  that  of  photographic  pyrometry.  Individual  frames 
of  an  extended  range  film  were  exposed  at  2- second  intervals  during  the  tests. 
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This  film  reacts  to  temperature  in  such  a  manner  that  a  wide  range  of 
surface  temperatures  can  be  accurately  detected.  For  determination 
of  actual  surface  temperatures  the  film  color  density  is  compared  on 
a  densitometer  with  the  color  density  from  the  photograph  of  a  con¬ 
trolled  temperature  specimen.  Temperatures  can  be  correlated  as 
close  as  50°F  and  hot  spots  can  be  seen  that  might  not  be  detected  by 
thermocouples. 


1.  No.  1  Thrust  Chamber  Test 


(U)  The  first  test  was  scheduled  for  a  five- second  duration. 
Longei  times  would  have  ^een  run  later  if  the  first  test  had  been  complete¬ 
ly  successful.  The  actual  firing  went  very  smoothly,  taking  about  1/2 
second  to  reach  maximum  chamber  pressure  of  503  psi,  with  no  pressure 
spike  indicated.  No  external  leaks  were  evident  at  any  time.  Post-test 
photographs  of  the  assembly  are  presented  as  Figures  22  through  25. 


(C)  The  data  on  the  test  firing  of  the  No.  1  assembly  was  as 

follows: 

Propellants:  N2O4/0.  5  N2H4  -  0.  5  UDMH 

Target  Conditions  Test  Results* 


Flow  Rate  18.5  lb/second 

Mixture  ratio,  O/F  1.8 

Thrust  4500  pounds 

Chamber  pressure  500  psi 

Run  time  5  sec 

C*  5745  ft/sec 

C *  efficiency 


18.25  lb/ second 
1.78 

4500  pounds 
503  psi 
4. 55  sec 
5650  ft/sec 
98.  5% 


1 


At  maximum  Pc 


Performance  of  Structure  During  Test 


(U)  R512  coated  Ta-lOW  exit  cone:  The  exit  cone  was 
extensively  damaged.  The  coating  had  flowed,  eroded,  crystallized,  and 
failed  to  protect  the  substrate.  As  shown  in  Figure  25,  the  inside  diameter 
of  the  exit-cone  flange  was  partly  eroded  such  that  it  would  not  give  full 
axial  support  to  a  coated  liner  in  a  new  assembly.  The  exit  cone  was  only 
an  expedient,  and  was  not  required  for  proof  of  the  thrust-chamber  concept, 
so  it  was  not  us  id  on  the  next  assembly.  A  similar  rear  flange,  without 
the  cone  extension,  was  fabricated  from  Ta-lOW  plate  as  discussed  previously. 
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EXIT  CONE  DAMAGE  ASSEMBLY  NO.  1  AFTER  5  SECOND  TEST  AT  AFRPL 


Figure  24 

DIVERGENT  SECTION  -  ASSEMBLY  NO.  1  AFTER  5  SECOND  TEST  AT  AFRPL 


* 


Figure  25 

EXIT  CONE  JOINT  AREA  -  ASSEMBLY  NO.  1  AFTER  5  SECOND  TEST  AT  AFRPL 


thick  SiC  coating  was  lost  from  the  inside  of  the  nozzle  liner,  apparently 
by  mechanical  breakup  at  the  start  of  the  test  run.  Only  a  few  small 
areas  of  coating  remained  attached  to  the  graphite  substrate.  Figures  23, 
24,  and  25  show  two  of  the  larger  pieces  remaining  in  the  nozzle-divergent 
section  and  Figure  26  shows  one  piece  remaining  near  the  forward  edge  of 
the  liner.  Inspection  of  these  remaining  pieces  showed  the  formation  of 
Si02  at  the  broken  edges,  but  the  original  I.  D.  face  appeared  unchanged, 
i.  e. ,  no  erosion  or  oxide  formation. 

(U)  The  fracture  mode  in  this  instance  was  markedly  different 
from  that  experienced  in  the  subscale  thrust-chamber  evaluations.  In  the 
small  chambers,  all  cracks  that  occurred  were  essentially  radial,  so  that 
a  wedge  was  formed  between  the  substrate  and  the  adjacent  SiC  sections, 
which  retained  all  pieces  in  their  original  position.  In  this  large  chamber, 
the  remaining  SiC  pieces  showed  a  highly  angular  break  in  relation  to  a 
radial  plane,  which  allowed  the  broken  pieces  to  be  forced  away  from  the 
wall. 

(U)  The  forward  edge  of  the  SiC -coated  graphite  liner  in 
this  design  was  not  axially  supported  or  radially  prestressed  over  the  last 
quarter-inch,  since  the  pressure  seal  was  made  on  the  flange  and  not  on 
the  coated  liner.  This  condition  allowed  the  SiC  to  break  up  at  the  leading 
edge  and  take  some  of  the  graphite  substrate  with  it.  As  a  matter  of  fact, 
a  number  of  small  pieces  of  unoxidized  SiC  and  graphite  were  found  in  the 
desert  sand,  100  to  400  feet  from  the  chamber  exit.  This  substantiated 
the  theory  of  mechanical  coating  removal  rather  than  removal  by  oxidation 
and  erosion,  Metallographic..  spectrographic  and  X-ray  diffraction  analy¬ 
ses  were  made  of  residue  samples  from  the  chamber  and  nozzle  wall  to 
assist  the  final  evaluation  of  the  failure  mode.  These  analyses  showed  the 
SiC  to  be  reasonably  homogenous  and  of  a  high  quality.  Oxide  formation 
(SiO^)  occurred  generally  at  the  broken  edges  where  the  SiC  was  excessive¬ 
ly  heated. 

(U)  Other  test  hardware:  None  of  the  other  items  in  the  test 
setup  were  damaged  during  the  test  run.  The  R512  coated  Ta-lOW  shell 
was  suitable  for  use  in  the  second  thrust-chamber  assembly  with  no  re¬ 
work  required.  The  forward  and  rear  seals,  and  all  manifolds  and  bolts 
were  reuseable.  The  Air  Force  chamber -extension  section  shows  an 
injector  burning  pattern  (Figure  26)  but  this  does  not  affect  the  utility  of 
the  part. 
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(U)  Temperature  measurements:  The  aft  thermocouple  on 
the  exit  cone  (1.85  inches  from  flange  face)  reached  an  indicated  tempera¬ 
ture  of  3100°F  after  4-seconds  and  was  still  above  2000°F  2-seconds 
later.  The  other  exit  cone  thermocouple  was  inoperative.  Throat  wall 
and  chamber  wall  temperatures  only  increased  from  10  to  370°F  over 
ambient  due  to  the  heat- sink  capacity  of  the  composite  wall.  The  pyrom- 
etry  film  data  from  the  test  was  developed  and  compared  with  control 
specimen  readings.  The  control  specimen  (emissivity  type  had  been  heated 
and  photographed  at  50°F  intervals  through  the  range  of  1600°F  to  >3300°F 
where  the  R512  coating  failed.  The  comparison  showed  final  exit  cone  tem¬ 
peratures  above  the  control  specimen  temperature  of  3300°F.  This  was 
consistent  with  the  condition  of  the  failed  coating  as  shown  in  Figures  22, 

23,  and  24. 


(U)  On  the  side  of  the  exit  cone  viewed,  six  temperature 
streaks  are  visible  in  the  first  pyrometry  photograph  which  was  taken 
between  1  and  2  seconds  after  the  start  of  the  run.  Temperature  variations 
are  greater  than  200°F  ’  ut  are  difficult  to  read  precisely  due  to  the  small 
film  size  and  the  relatively  large  viewing  spot  on  the  densitometer.  More 
accurate  methods  of  reading  the  variations  are  being  developed,  but  were 
not  completed  during  the  term  of  this  program.  If  temperature  variations 
of  this  magnitude  were  present  throughout  the  thrust  chamber  length  they 
could  have  a  significant  effect  on  the  stresses  developed  in  the  brittle 
inner  SiC  coating,  and  may  have  contributed  to  the  coating  breakup  during 
test. 


(U)  Review  of  the  high  speed  motion  pictures  of  the  test  run 
showed  that  pieces  of  the  SiC  coating  were  expelled  intermittently,  from 
less  than  a  second  alter  the  run  started  until  near  the  end.  Some  indications 
of  uneven  heating  of  the  exit  core  are  also  evident  on  this  film  record. 

2.  No.  2  Thrust  Chamber  Test 

(C)  The  modified  chamber  assembly  with  the  0.090  inch  thick 
SiC  coating  was  set-up  and  instrumented  for  test  similar  to  the  first  assem¬ 
bly.  A.}  six  spring  loaded  thermocouples  were  located  on  the  chamber 
shell  since  there  was  no  exit  cone  on  this  test  item.  As  for  the  No.  1 
assembly,  a  5-second  test  was  scheduled  and  run.  Test  conditions  were 
essentially  as  programmed:  An  O/F  ratio  of  1. 64  to  1. 61  at  a  w  of  19.  7 
Ib/sec,  aPc  maximum  of  508  degrading  to  455  psia,  and  a  Vc*  increasing 
from  94.  4%  to  100%  at  the  end  of  the  run.  The  thick  inner  SiC  coating  was 
almost  completely  lost  by  mechanical  breakup  during  the  run.  The  thick 
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coating  had  been  applied  to  the  graphite  substrate  in  an  effort  to  achieve 
a  straight,  radial-break  type  of  fracture,  in  which  the  SiC  pieces  would 
be  contained  by  the  wedge  effect  of  the  cylindrical  contour  if  cracking 
should  occur.  Although  some  of  the  coating  fractures  were  essentially 
radial,  others  were  along  an  angular  piano  allov  ng  them  to  be  dislocged. 

(U)  Post-test  photographs  are  presented  as  Figures  27 
through  30.  Figure  27  shows  the  entire  chamber  assembly  wherein  its 
appearance  is  identical  to  its  pre-test  condition,  except  for  the  inr“. 
lining  surface.  Figure  28  shows  a  closer  view  of  the  exit  cone  -  rear 
flange  area.  The  inner  diameter  surface  of  the  rear  flange  had  a  Hf-Ta 
coating  which  was  unaffected  by  the  test.  The  three  large,  dark  ar^as 
near  the  exit  plane  are  pieces  of  the  SiC  coating  which  remained  attached 
to  the  graphite  substrate.  The  white  material  at  the  upstream  edges  of 
the  SiC  pieces  is  SiC>2  which  formed  when  the  edge  was  overhe  *ed  by  the 
impinging  gas  stream. 

(U)  Figure  29  is  a  view  of  the  combustion  chamber-nozzle 
entrance  area.  The  numbers  on  this  figure  locate  the  areas  where 
specimens  were  taken  for  spectrographic  and  X-ray  diffraction  analysis. 
The  white  material  from  areas  1,  2,  3,  and  4  was  found  >y  X-ray  analysis 
to  have  an  amorphous  structure  (non-crystalline)  typical  of  glassy-phase 
SiC>2.  All  specimens  (l  -  4)  were  found  by  spectrographic  analysis  to  have 
Si  as  the  major  element,  with  only  slight  percentages  of  other  elements 
indicated.  One  of  the  other  elements  present  was  A1  wh  ch  was  detected 
in  amounts  up  to  0.  5%  in  specimens  2  and  3.  This  a1  iminum  probably 
came  from  the  A^O,  coating  on  the  Air  Force  water  cooled  chamber 
extension  section.  Figure  29  also  shows  gouges  in  the  graphite  substrate, 
where  part  of  it  was  torn  out  by  the  SiC  coatinp  when  it  fractured  and  was 
expelled.  The  large  gray  area  in  the  throat  convergent  section  (left  of 
points  3  and  4)  is  the  graphite  substrate  at  essentially  its  original  surface 
contour.  The  SiC  coating  evidently  stayed  on  this  section  until  late  in  the 
test  run. 


(U)  Figure  30  is  a  close-up  view  of  the  forward  edge  of  the 
chamber  assembly  whe^e  it  mated  to  the  chamber  extension  section.  On 
the  left  side,  all  of  the  SiC  coating  has  broken  away  from  the  inner  sur¬ 
face,  while  just  right  of  center  it  has  fractured  at  the  corner  yet  retains 
its  original  surface  condition.  Farther  right,  the  SiC  has  a  white,  oxidized 
surface.  The  fracture  pattern  in  the  remaining  SiC  coating  is  typical  of  that 
noted  on  the  small  pieces  of  SiC  which  were  found  in  the  desert  sand  down¬ 
stream  from  the  test  setup.  The  forwar  ‘  edge  of  the  SiC  coated  graphite 
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Figure  30 
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chamber  was  ground  to  provide  an  even  surface  for  axial  preload,  which 
accounts  for  its  relatively  smooth  but  streaked  surface.  The  nodular 
appearance  of  the  unoxidized  SiC  on  the  inner  chamber  surface  is  typical 
of  the  as-deposited  surface.  Even  though  the  axial  preloading  in  this 
second  chamber  was  effective  in  containing  the  forward  edge  SiC  coating, 
it  did  not  prevent  the  circumferential  cracking  of  the  graphite  substrate. 
Two  graphite  crack  lines  can  be  seen  in  Figure  30.  Graphite  cracking, 
however,  was  less  pronounced  in  this  assembly  than  in  the  first  one. 

(U)  As  shown  in  the  photographs  and  by  other  post-test 
observations,  there  is  some  conflicting  evidence  which  has  not  been  re¬ 
solved  concerning  the  oxidation  resistance  of  silicon  carbide  in  this 
application.  Most  of  the  small  areas  of  SiC  which  remained  in  the 
chamber  were  oxidized  on  the  edges,  and  some  on  the  surfaces.  This  can 
be  explained  by  the  fact  that  a  small  piece  with  sharp  edges  exposed  to  the 
hot  gas  stream  is  subjected  to  a  more  severe  heating  environment  than  a 
similar  section  of  a  full,  internal  surface.  However,  there  are  a  few 
pieces,  such  as  shown  in  Figure  24,  which  are  oxidized  at  one  point  and 
unaffected  in  an  adjacent  area.  This  suggests  a  possible  inconsistent 
injector  heating  pattern  that  was  initially  noticed  in  the  uneven  heating  of 
the  thin  exit  cone  extension  during  the  test  of  the  first  5000  lb  thrust 
chamber. 


(U)  Motion  pictures  were  also  taken  of  this  test  firing.  An 
individual  frame  inspection  of  the  Marquardt  film  (128  frames /second) 
showed  that  the  SiC  coating  loss  began  at  about  0.2  seconds  after  ignition 
and  occurred  intermittently  thereafter  until  just  prior  to  the  end  of  the 
5-second  run.  On  the  film  these  were  usually  seen  as  bright  streaks 
exiting  from  the  rocket  exhaust,  but  in  at  least  one  frame  the  S.C  pieces 
are  large  enough  (or  moving  slow  enough)  to  be  positively  identified.  Air 
Force  movies  (taken  at  200  frames/second)  confirmed  the  intermittent  loss 
of  small  pieces  of  SiC  coating  during  the  run. 

(U)  The  hot-firing  of  assembly  No.  2  completed  the  fullscale 
thrust  chamber  testing  planned  for  this  program.  However,  a  major 
problem  still  remained  -  that  of  establishing  why  the  fullscale  thrust 
chamber  wall  could  not  be  kept  intact. 
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b.  analysis  of  results 

(U)  In  order  to  determine  why  the  fullscale  chambers  did  not  perform 
satisfactorily,  a  review  was  made  of  all  certain,  probable,  and  possible 
factors  that  affect  the  performance  of  the  SiC  coating.  This  review  en¬ 
compassed  the  factors  of  geometric  configuration,  allowable  strengths,  and 
loading  intensity.  The  effect  of  these  factors  on  the  magnitude  and  distribu¬ 
tion  of  component  stresses  was  evaluated  on  an  absolute  basis  when  possi¬ 
ble,  and  on  a  sub-  to  full-scale  comparative  basis. 

(U)  The  geometric  configuration  factors  are: 

1.  Radius  of  curvature  (diameter). 

2.  Material  volume  and  surface  area, 

3.  Contraction  ratio  (chamber  dia.  /throat  dia.). 

4.  Section  stiffness. 

(U)  The  allowable  strength  factors  as  affected  by  increased  size  are: 

1.  Reduced  tensile  strength. 

2.  Reduced  compressive  stability. 

3.  Reduced  thermal  shock  resistance. 

(U)  The  loading  intensity  factors  are: 

1.  Prestress  interference. 

2.  Pressure  loads. 

3.  Heat  loads. 

(U1  To  view  these  factors  in  the  proper  context,  a  brief  review  of  the 
thrust-chamber  designs  and  the  test  results  should  be  made.  Looking  first 
at  the  subscale  thrust  chambers,  it  is  seen  that  this  was  not  a  sophisticated 
design.  The  chambers  were  made  up  basically  of  a  SiC-coated  graphite 
liner  in  a  simple,  cylindrical  metal  shell.  They  were  externally  supported 
with  the  coated  liner  compressed  axially.  During  test,  cracking  of  the  inner 
SiC  coating  was  prevalent  in  the  convergent  throat  and  divergent  nozzle  areas, 
but  no  coating  was  lost,  and  even  the  throat  surface  was  not  eroded  or 
oxidized  during  firing  durations  of  more  than  10  minutes.  The  Apollo  type 
injector  that  was  used  for  these  subscale  tests  had  been  specifically  de¬ 
signed  and  developed  for  use  with  a  radiation-cooled,  coated  molybdenum 
wall  thrust  chamber  which  has  a  low  temperature  brittleness  problem  as 
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does  silicon  carbide,  so  there  were  no  undesirable  wall  heating  effects. 
However,  even  this  comparatively  simple  design  results  in  a  structurally 
complicated  configuration  that  was  analytically  indeterminate,  yet  experi¬ 
mentally  sound. 

(U)  In  designing  the  fullscale  thrust  chambers,  it  was  soon  evident 
that  there  were  additional  problems,  over  and  above  those  encountered  in 
the  subscale  phase.  There  were  the  obvious  size  effects  of:  (l)  reduced 
stability  to  radial  compressive  loads  [{VD)^  function]  ,  (2)  the  potential 
loss  of  SiC  tensile  strength  (critical  flaw  function),  (3)  pressure  stress  on 
the  shell  (?^I),  and  (4)  the  differential  thermal  expansion  between  liner 
and  shell  (radial  and  axial),  with  no  external  support  or  restraint.  How¬ 
ever,  there  was  also  a  theoretical  reduction  in  wall  heating  rate  due  to  the 
increased  diameter  (q~  Vd®*^),  which  could  result  in  a  lower  surface 
temperature.  This  effect  was  initially  discounted,  though,  since  the  sub¬ 
scale  chambers  had  reached  equilibrium  temperatures  considerably  below 
theoretical.  The  unknown  quantity  of  injector  effects  on  wall  heating  was 
felt  to  be  of  such  a  magnitude  that  the  design  temperatures  could  not 
possibly  be  taken  as  any  lower  than  those  of  thermal  Model  1-C  (page  23). 
Any  actual  reduction  occurring  during  test  would  be  accepted  as  an  in¬ 
creased  capability  function. 

(U)  The  fullscale  thrust  chambers  were  thus  seen  to  be  considera¬ 
bly  more  complicated,  and  with  less  experimental  variability  allowed 
(only  two  test  items)  and  less  design  analysis  scheduled  (shoit-time 
fabrication  schedule).  Obviously,  in  either  the  large  or  the  small  thrust 
chambers,  it  was  desirable  to  have  an  inner  SiC  coating  that  would  not 
fracture  during  operation,  since  there  would  be  less  opportunity  for  sub¬ 
coating  leakage.  However,  the  subscale  chamber  tests  had  proven,  in 
that  configuration,  that  cracking  of  the  coating  was  not  critical  if  the 
pieces  were  not  displaced.  The  basic  problem  with  the  fullscale  thrust 
chambers  was  that  the  SiC  coating  fractured,  broke  awayfrom  the  wall, 
and  was  expelled,  leaving  the  graphite  substrate  unprotected.  The 
analysis  of  performance  factor  effects  is  directed  toward  resolving  the 
problem  of  mechanical  loss  of  the  SiC  coating  in  the  fullscale  chambers. 

Geometric  Factors 

(U)  The  first  of  the  geometric  configuration  factors  investigated  is 
that  of  the  radius  of  curvature  (diameter).  In  tension,  a  large-diameter 
cylinder  has  a  simple  radius  ratio  increase  in  hoop  s£jess  over  that  of  a 
small-diameter  cylinder  of  the  same  thickness  (  <rt  ■-f-r  )•  Under  a 
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compressive  load  (external  pressure),  the  same  ratio  holds  for  acting 
stress,  oc>  however,  the  allowable  pressure  for  elastic  buckling  is  con¬ 
siderably  reduced  for  a  larger  diameter  cylinder. 

(U)  The  significance  of  the  thickness /diameter  ratios  can  be  appre¬ 
ciated  by  considering  the  elastic  stability  equation  for  thin,  circular  cy¬ 
linders  under  external  pressure  loads.  In  References  7  and  8, 

Timoshenko  develops  equations  for  elastic  buckling  of  thin-walled  circular 
cylinders,  accounting  for  various  end  conditions  on  long  and  short  cy¬ 
linders.  (These  analyses  account  for  stretching  of  the  shell  middle  surface 
and  assume  the  loads  in  the  circumferential  direction  are  the  major  loads.) 
This  analysis  results  in  an  equation  for  the  critical  buckling  pressure  which, 
if  simplified  (by  neglecting  the  effects  of  the  L/r  ratio),  gives 


P 


cr 


E  t3  (N2  -  1) 
12r3  (1-  V 2) 


(a  first-order  approximation  for  long  cylinders) 


where 


E  =  modulus  of  elasticity 

t  s  shell  wall  thickness 

N  =  number  of  nodes  in  buckled  shell 

r  =  mean  radius  of  shell 


Poisson's  ratio 
critical  pressure 


An  analysis-design  type  approach  was  taken  by  R.  G.  Sturm  Reference  9 
(with  the  following  assumptions:  the  cylinder  is  initially  round  and  of  uni¬ 
form  thickness;  the  material  is  elastic;  the  cylinder  is  thin-walled,  and 
the  displacements  experienced  prior  to  buckling  are  small).  In  conjunction 
with  his  analysis,  Sturm  carried  out  an  extensive  testing  program  and  the 
final  equations  published  were  verified  experimentally.  The  results  of  this 
work  were  presented  as  charts  for  cylinders  with  various  end  conditions 
showing  the  interrelationship  of  L/r  and  D/t.  The  resultant  equation  for 
Pcr  is  a  function  of  the  modulus  of  elasticity  E,  a  geometric  constant, 
and  (t/D)3. 
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(U)  In  checking  the  difference  between  the  sub-  and  full-scale  configu¬ 
rations,  both  sets  of  equations  discussed  above,  and  the  L/r  modification 
of  Reference  8,  were  used.  As  a  preliminary  check,  the  equations  for 
long  cylinders  were  evaluated  for  a  typical  small-diameter  cylinder  (S/N  005, 
with  D/t  =  46),  and  both  the  thick  SiC-coated  (D/t  =  67)  and  thin  SiC-coated 
(D/t  :  230)  large-engine  configurations.  These  calculations  showed  that 
both  the  radial  elastic  deflection  and  the  critical  collapse  pressure  for  the 
small  cylinder  were  10  to  20  times  greater  than  for  the  large  cylinder  with 
the  thin,  SiC  coating,  and  3  to  5  times  greater  than  for  the  large  chamber 
with  the  thick  SiC  coating.  The  final  check  utilized  equations  which 
accounted  for  the  length-to-radius  ratio  of  the  cylinder  under  consideration. 

In  this  case,  the  large-diameter  cylinder  with  thin  SiC  coating  showed  low 
critical  collapse  pressures,  one  lower  and  one  higher  than  the  effective 
pressure  of  465  psi  caused  by  assembly.  The  large-diameter  cylinder 
with  a  thick  SiC  coating  indicated  a  critical  collapse  pressure  higher  than 
that  calculated  for  the  small  cylinder  in  each  case.  The  results  of  all 
calculations  are  shown  in  Table  VIII.  An  ESi(-  of  30  x  10^  psi  was  used 
for  these  calculations.  An  effective  modulus  of  60  would  double  the  allowa¬ 
ble  pressures;  however,  the  comparison  of  sub-  and  full-scale  chambers 
is  valid  in  either  case. 

(U)  Comparing  the  results  for  short  cylinders,  which  are  the  most 
realistic,  the  last  values  of  Pcr  in  the  table  show  the  effect  that  was  anticipated 
in  the  No.  2  test  assembly,  but  not  realized.  If  the  failure  mode  in  the  No.  1 
test  assembly  had  been  purely  buckling  instability,  the  30  times  greater 
allowable  collapse  pressure  in  the  No.  2  assembly  should  have  alleviated  the 
problem.  Theoretically,  at  least,  the  compressive  stability  was  restored. 

Allowable  Material  Stress 

(U)  In  terms  of  brittle  material  strength,  the  effect  of  going  from  a 
small  section  to  a  large  section  is  to  reduce  the  allowable  tensile  stress  that 
can  be  carried  by  the  coating  without  fracture.  SiC  has  been  shown  to  be 
thickness -strength  conscious,  which  is  a  typical  volume-area  effect  for 
brittle  materials  (Weibull  type  critical  flaw  probability  function).  The  large 
diameter  chambers  have  a  greater  volume  of  SiC  under  stress,  even  with 
the  same  coating  thickness.  In  the  No.  2  chamber,  the  greater  coating  thick¬ 
ness  reduced  the  allowable  operating  tensile  strength  to  about  one-third  that 
in  the  No.  1  chamber.  The  compressive  strengths  are  not  appreciably 
reduced,  and  in  the  0.090-inch  thick  SiC,  they  are  50  to  100  times  as  great 
as  the  tensile  strength  (  ~  200,  00C  psi  compared  to  2,  000  to  4,  000  psi  in 
tension). 
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TABLE  VIII 

CRITICAL  COLLAPSE  PRESSURES  OF  SiC  SHELLS 


Small 

Large 

Diameter 

Diameter 

Cylinders 

Cylinders 

D/t  P 

cr 

D/t  P 

cr 

Cylinder  Length  Assumptions 

46  5000 

230  290 

Relative  deflection  of  long 

67  1000 

\cylinders  only  (1) 

46  5050 

230  43 

67  1740 

Long  cylinders  only  (2) 

46  9120 

230  527 

67  17,500 

Short  cylinders  (3) 

46  6720 

230*  237 

67  7140 

Short  cylinders  (4) 

(1 )  Elastic  Deflection  of  a  Long  Thin  Shell,  Reference  7. 

(2)  Critical  Collapse  Pressure  of  a  Long  Thin  Shell,  Reference  8, 

(3)  Critical  Collapse  Pressure  of  a  Short  Thin  Shell,  Reference  8. 

(4)  Critical  Collapse  Pressure  of  a  Short  Thin  Shell,  Reference  9. 


combustion  chamber  section  -  Assembly  No.  1 
combustion  chamber  section  -  Assembly  No.  2 
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(U)  The  fracture  mode  experienced  in  these  two  fullscale  assemblies 
(catastrophic  breakup)  is  more  typical  of  a  compressive -type  SiC  failure 
than  a  tensile  type.  With  the  initial  compressive  loading  on  the  SiC 
coating,  there  will  be  a  high  value  of  stored  elastic  energy.  This  will  be 
further  increased  by  the  heating  at  the  start  of  a  test  run,  which  produces 
additional  compression  at  the  inner  surface  of  the  coating.  The  material 
factors  which  affect  the  fracture  behavior  of  brittle  materials  under  con¬ 
ditions  of  thermal  shock  consist  of: 

1.  The  elastic  energy  stored  at  fracture,  which  provides 
the  driving  force  for  crack  propagation. 

2.  The  effective  surface  energy  required  to  create  the 
new  fracture  surfaces. 

3.  Possible  dispersion  and  attenuation  of  the  stress  waves 
accompanying  the  propagating  crack  and  of  any  other 
stress  waves  nucleated  at  the  time  of  fracture. 


The  total  elastic  energy  stored  in  a  brittle  material  subjected  to  thermal 
shock  at  the  time  of  fracture  will  depend  on  the  material  properties  of  the 
body,  on  size  and  shape,  and  on  the  temperature  and  stress  distribution. 

(U)  The  following  equation,  developed  by  Crandall  and  Ging,  (Ref.  10) 
gives  the  maximum  temperature  difference  to  which  a  ceramic  body  of 
simple  geometric  shape  can  be  subjected  without  fracturing. 


KF.  (l-l/) 

— i - ( i 

a  E 


where:  AT  is  the  maximum  difference  between  the  two  ambient 
temperatures  between  which  the  ceramic  Dody  can  be 
transferred  without  fracturing. 
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K  -  is  a  shape  constant  (2.  0  for  a  cylinder) 

E  -  is  the  Young's  modulus 

-  is  the  tensile  strength 

a  -  is  the  coefficient  of  expansion 

V  -  is  Poisson's  ratio 

B  -  is  Biot's  modulus  z  ill 

k 

r  -  is  the  radius  of  the  cylinder 

h  -  is  the  surface  heat  transfer  coefficient 

k  -  is  the  thermal  conductivity 

It  should  be  noted  that  this  equation  is  the  sum  of  two  terms.  The  first  is 
simply  a  rearrangement  of  the  formula  for  the  thermal  stress  through  a 
cylindrical  wall  (  tr  s  ~TTl — gives  the  maximum  temperature 
difference  that  can  be  supported  without  fracture  (acting  cr  z  allowable  Ff). 
The  second  term  gives  the  partial  temperature  difference  to  which  the 
wall  can  be  subjected  during  the  period  of  heat  transfer  without  having  the 
internal  temperature  difference  exceed  the  temperature  difference  given 
by  the  first  term.  The  first  term  depends  on  material  properties  only 
whereas  the  second  term  includes  the  size  of  the  body  and  the  magnitude 
of  the  thermal  shock. 

(U)  In  evaluating  the  difference  in  thermal  shock  resistance  between 
the  SiC  coatings  in  the  large  and  small  thrust  chambers  it  is  necessary 
first  to  investigate  the  Biot'<*  modulus.  In  the  throat  sections  there  is  an 
increase  in  r  from  0.20  to  1.45  inches,  and  in  the  chamber  section  an 
increase  from  0.88  to  3.03  inches.  The  heat  transfer  coefficient,  h,  is 
directly  effected  by  the  mass  flow  rate  per  unit  area,  w/A,  and  inversely 
as  the  section  dir  meter,  D,  from  the  Bartz  equations  for  heat  transfer 
rates.  (Reference  2) 


h 


1 


w/A) 


8 
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(U)  The  other  term  in  the  modulus  is  the  thermal  conductivity  of  the 
material,  kg^Q.  SiC  is  an  excellent  low-temperature  conductor  whose 
conductivity  decreases  with  temperature,  At  200°F,  its  k  is  1200  Btu-in/ 
ft^-hr-°F,  800  at  1000°F  and  continuing  down  to  100  at  3000°F  (Reference  1, 
page  30).  To  evaluate  the  initial  thermal  shock,  a  value  of  1200  was  used. 
Table  IX  lists  the  data  and  calculations  made.  Item  14  gives  the  reduction 
in  allowable  AT  for  a  large-size  chamber  compared  to  a  subscale  throat 
section  and  chamber  section.  This  comparison  is  based  on  an  identical 
allowable  thermal  stress  for  the  comparative  configurations.  This  is  not 
precise  since  SiC  undergoes  a  reduction  in  allowable  strength,  Ft,  with 
increased  thickness,  and  therefore  a  reduction  in  allowable  AT  with  increased 
thickness.  A  knowledge  of  the  precise  material  strength  was  not  a  primary 
factor  since  both  thin  and  thick  coatings  were  fractured. 


(U)  Assuming  the  transient  wall  temperature  distribution  of  Thermal 
Model  1-C  accurately  described  the  SiC  wall  AT  for  a  typical  subscale 
chamber,  the  acting  stresses  and  allowable  differential  temperatures  could 
be  calculated  and  compared  from  this  arbitrary  base.  If  this  base  were  a 
valid  thermal  stress  fracture  point  and  the  total  stress  pattern  in  the  coating 
were  known,  an  exact  comparison  of  actual  and  allowable  stresses  for  the 
relative  chamber  sections  could  be  made.  However,  the  base  is  not  this 
accurate  or  reliable,  recalling  that  the  subscale  chambers  cracked  through 
the  nozzle  region  (where  the  ATg^  is  high  and  the  interference  compressive 
stress  is  low)  but  did  not  crack  in  the  cylindrical  chamber  section  (where 
the  ATg^c  is  low  and  the  interference  compressive  stress  is  high).  The 
base  point  fracture  stress  is  somewhere  between  these  two  bounds.  From 
the  original  thermal  analysis  for  the  subscale  chambers,  the  maximum 
ATSiC  at  the  throat  was  750°F  (0.030-inch  thick  coating,  15  seconds  after 
start-up),  while  in  the  chamber  section  it  was  less  than  100°F.  Coupled 
with  these  wide  bounds  is  the  other  unknown,  actuil  material  stress  state. 
For  these  reasons,  the  calculation  of  allowable  AT's  was  not  pursued  any 
further . 

(U)  There  are,  however,  a  few  more  points  that  should  be  noted  on 
the  subject  of  allowable  AT  for  thermal  shock.  First,  the  No,  1  fullscale 
thrust  chamber  had  a  thin  coating  (0.  02b  inch  thick)  which  would  make  its 
allowable  AT  slightly  higher  than  indicated.  Second,  the  No.  2  assembly 
had  a  very  thick  (0.090  inch)  SiC  coating  which  would  markedly  lower  its 
allowable  AT.  Third,  the  period  of  thermal  snock  probably  lasts  for  the 
first  5-10  seconds  of  operation.  Wall  temperatures  at  the  throat  would 
be  approaching  3000°F  at  the  end  of  this  period,  with  the  consequent  re¬ 
duct-on  in  the  thermal  conductivity  of  SiC.  As  k<~ir  is  reduced,  the  Biot's 
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TABLE  IX 

HEAT  TRANSFER  -  SIZE  EFFECTS  ON  ALLOWABLE  Ari 

FOR  SiC  SHELLS 

Subscale  Fullscale 


Item 

Throat 

Chamber 

Throat 

Chamber 

1. 

Mass  Flow,  w  (lb/sec) 

0.  40 

0.40 

19.0 

19.  0 

2. 

Diameter,  D  (in.) 

0.414 

1.75 

2.90 

6.05 

3. 

Flow  Area,  A  (in.  ) 

0.  135 

2.40 

6. 

28.  7 

4. 

w  /A(lb/in.  2  -  sec) 

2.  96 

0.  167 

2.88 

0.  66 

5. 

,.  ,..0.8 
(w  /A) 

2.  37 

0,24 

2.  33 

0.  72 

6. 

d0.2 

0.838 

1.  118 

1.237 

1.433 

7. 

Heat  trans.  coeff. 

proportionality 

(6) 

2.83 

0.215 

1.89 

0.502 

8. 

Heat  transfer  coefficient,  h 

/Btu - \ 

2440 

185 

1620 

430 

\ft2-hr-°F/ 

9. 

Radius,  r  =  D/2  (in. ) 

0.20 

0.88 

1.45 

3.03 

10. 

rh 

49?) 

163 

2350 

1300 

11. 

Coefficient  of  thermal  conductivity 
for  SiC,  k 

/Btu  -  in.  \ 

‘  \ft2  -hr-°F  / 

1200 

1200 

1200 

1200 

12. 

2k 

Biot's  modulus  modifier,  — — 

rh 

4.  9 

14.  7 

1.0 

1.85 

13. 

1.0  t-  (12) 

5.  9 

15.  7 

2.0 

2.85 

14. 

Reduction  in  allowable  AT, 
a.  compared  to  subscale  throat 

66% 

52% 

b.  compared  to  subscale  chamber 

87% 

82% 
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modulus  modifier  (item  12  in  Table  IX)  approaches  zero,  which  means  that 
at  increased  temperatures  the  SiC  has  a  very  low  tolerance  for  thermal 
shock  loads.  This  is  a  property  of  the  material  itself,  independent  of 
configuration,  although  the  actual  allowable  AT  is  a  function  of  configura¬ 
tion  as  previously  discussed.  The  last  point  is  that  this  heat  transfer  - 
size  effect  evaluation  is  based  on  a  uniform  circumferential  temperature 
distribution  and  comparable  wall  heating  rates  and  effective  gas  tempera¬ 
tures.  The  theoretical  effects  of  mass  flow/unit  area  and  section  size 
have  been  included,  but  the  actual  wall  heating  rates.,  effective  gas  tempera¬ 
ture  and  their  uniformity  are  unknown  quantities  which  can  only  be  approxi¬ 
mated  by  test  data  and  post-test  conditional  observations. 

(U)  From  the  test  results  of  small  and  large  thrust  chambers  it  can 
be  concluded  that  there  was  definitely  a  difference  in  the  wall  heating  loads. 
Theoretical  wall  temperatures  were  not  reached  in  the  subscale  tests,  even 
at  steady- state  conditions  with  high  combustion  efficiencies,  and  there  was 
no  erosion  or  oxide  formation  on  the  SiC  coating.  Conversely,  in  the  full- 
scale  tests,  some  surface  oxide  formations  were  generated  at  the  full 
chamber  diameter  during  only  5  seconds  of  operation.  These  were  not 
consistent  circumferentially,  but  then,  neither  was  the  remaining  coating. 
According  to  a  transient  thermal  analysis,  wall  temperatures  of  3100  F 
(required  for  significant  SiC>2  formation)  should  not  have  occurred  during 
a  5 -second  test,  even  in  the  throat  section.  Oxide  formation  temperatures 
must  have  been  generated  by  the  loss  of  a  suitable  heat  conduction  path 
after  the  breakup  and  expulsion  of  the  adjacent  coating.  It  was  postulated, 
at  the  conclusion  of  the  subscale  chamber  evaluations,  that  the  thrust 
chambers  were  operating  cooler  than  predicted  due  to  boundary  layer  and 
flow  profile  effects  along  the  internal  wall.  Similar  effects  were  evidently 
not  present  in  the  fullscale  tests.  The  probability  of  severe  wall  boundary- 
layer  gas  temperature  and  the  possibility  of  unsymmetrical  temperatures 
with  the  fullscale  test  operations,  coupled  with  the  test  results,  shows  the 
desirability  of  having  low-intensity,  consistent  wall  gas  conditions.  His¬ 
torically,  this  has  been  found  to  be  a  make-or-break  effect  for  brittle  wall 
(metal  ox'  ceramic)  thrust  chambers. 

Fracture  Modes 

(U)  When  the  SiC  coating  under  compression  and  thermal  shock 
loadings  is  fractured,  the  elastic  energy  stored  at  fracture  is  transformed 
into  various  other  forms  of  energy,  among  which  are  acoustic,  kinetic,  and 
the  effective  surface  energy  required  for  the  creation  of  the  new  crack  sur¬ 
faces.  The  major  crack  propagation  energy  dissipator  is  anelastic  defor¬ 
mation  at  the  tip  of  the  propagating  crack.  It  is  postulated  that  the  SiC 
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cracking  in  the  subscale  thrust  chamber  throat  areas  was  due  to  thermally 
induced  critical  tensile  stress  at  the  SiC-graphite  interface.  In  order  for 
a  thermal  shock  fracture  to  take  place  non-catastrophically,  a  major  part 
of  the  energy  stored  at  fracture  must  have  been  absorbed  by  the  propaga¬ 
tion  of  nucleated  cracks. 

(U)  The  criterion  for  failure  by  thermal  shock  to  be  non-catastrophic 
is  that  the  area  over  which  the  cracks  will  propagate  (calculated  from  the 
elastic  energy  stored  at  fracture,  divided  by  the  effective  surface  energy 
required  for  crack  propagation)  is  less  than  the  cross-sectional  area  of  the 
body  multiplied  by  the  number  of  cracks  nucleated  at  the  time  of  fracture. 

If  this  condition  is  not  satisfied,  additional  energy  is  still  available,  even 
after  the  cracks  have  traversed  the  body  completely.  This  additional  energy 
will  probably  be  imparted  to  the  fragments  in  the  form  of  kinetic  energy, 
with  the  result  that  the  body  will  fracture  explosively,  scattering  the 
fragments.  It  should  be  noted  that  the  energy  required  for  crack  propaga¬ 
tion  under  conditions  of  thermal  shock  is  supplied  by  the  elastic  energy 
stored  in  the  body,  and  no  external  force  is  necessary.  However,  in  this 
thrust-chamber  design,  there  is  also  an  additional  force  provided  by  the 
compressive  preload. 

(U)  It  is  highly  probable  that  the  SiC  coating  in  the  fullscale  chambers 
failed  catastrophically  by  the  thermal  shock  load  in  conjunction  with  the 
initial  prestress.  Whether  or  not  they  would  have  failed  catastrophically 
if  the  preload  were  lower,  or  if  the  heating  loads  were  reduced  cannot  be 
accurately  determined  at  this  time.  The  complexity  of  the  stress  patterns 
and  the  number  of  unresolved  variables  contributing  to  the  stress-tempera¬ 
ture  distribution  are  such  that  a  considerable  amount  of  further  analysis 
and  laboratory  experimentation  would  be  required  before  the  problems  were 
accurately  solved.  In  conclusion,  it  appears  that  the  low  thermal-shock 
capability  of  the  large  thrust  chamber  coatings  had  the  greatest  probability 
of  being  responsible  for  the  in-test  performance  failures. 

(U)  The  stress  distribution  in  the  SiC  coating  is  visualized  as 
follows:  a  thin  wall  SiC  cylinder,  initially  under  a  uniform,  external  com¬ 
pression  load  is  subjected  to  a  relatively  low  internal  tension  load  (chamber 
pressure)  and  a  high  heat  load.  On  start-up,  the  chamber  pressure  Pc, 
reduces  the  compression  stress  only  slightly.  The  heat  load  (<5000°F  com¬ 
bustion  gas)  is  felt  as  a  AT  through  the  wall  which  causes  a  compressive 
stress  at  the  inner  wall  surface  and  a  tensile  stress  at  the  outer  wall  surface 
(SiC-graphite  interface).  When  the  tensile  stress  exceeds  the  allowable 
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(which  is  quite  low  compared  to  the  compression  stress  allowable)  a  crack 
is  started  which  propagates  inward  until  it  reaches  a  point  where  the  com¬ 
pressive  stresses  stop  its  radial  progression.  The  composite  wall  re¬ 
strains  the  SiC  coating  from  the  outward  motion  (expansion)  that  it  would 
experience  if  unrestrained.  This  increases  the  compressive  stress  in  the 
reduced  effective  thickness  of  coating  to  a  value  which  can  no  longer  be 
tolerated,  resulting  in  a  compressive/shear-type  fracture.  The  SiC 
coating  has  a  high  value  of  stored  energy  with  its  modulus  of  30  -  60  x  10^ 
psi  at  a  compressive  stress  approaching  200,  000  psi.  This  energy  propa¬ 
gates  the  tensile-induced  cracks  and  imparts  motion  to  the  fractured 
sections  of  coating.  Stress  patterns  after  the  partial  loss  of  coating  are 
even  more  difficult  to  visualize,  out  any  free  edges  of  SiC  would  be  highly 
stressed  and  fracture-prone. 

(U)  The  solution  to  the  coating  loss  problem  is  not  immediately 
apparent,  but  it  is  recognized  that  the  size-effects  must  be  minimized. 
Possibly  a  segmented  or  a  pre-cracked  chamber  design  would  be  effective. 
Further  analysis  and  laboratory  effort  would  be  required  to  optimize  the 
composite  wall  concept  for  utilization  of  silicon  carbide  in  large  diameter 
rocket  thrust  chambers. 
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VI 

CONCLUSIONS  AND  RECOMMENDATIONS 


(U)  Subscale  rocket  thrust  chambers  (100  lb  thrust)  were  successfully 
tested  for  continuous  and  intermittent  firing  durations  exceeding  600  seconds. 
During  these  tests,  the  inner  SiC  coating  experienced  some  non-critical 
cracking  in  the  contoured  nozzle  section.  The  coating  did  not  oxidize  or 
erode,  and  none  of  the  fractured  pieces  were  displaced,  so  the  original  wall 
contour  was  retained.  However,  in  the  hot-firing  tests  of  both  fullscale 
thrust  chambers  (5000  lb  thrust)  the  inner  SiC  coating  was  almost  completely 
lost  by  catastrophic  breakup  during  the  initial  5 -second  test  run. 

(U)  The  coating  failures  in  the  two  5000  lb  thrust- chamber  assem¬ 
blies  demonstrate  a  probable  basic  design  limit  on  size /configuration  using 
a  silicon- carbide  continuous  coating  on  graphite.  This  is  a  conditional 
conclusion  based  on  the  apparent  impracticability  of  providing  a  trade-off 
between  precompression  loading  to  resist  tensile  failure,  and  compressive/ 
shear  resistance  of  the  coating.  Sufficient  prestress  to  eliminate  tensile 
failure  results  in  excessive  buckling  pressure  on  the  coating  when  thermal 
compression  is  added. 

(U)  No  evidence  has  been  established  which  would  indicate  that  the 
F.M-005  SiC  coating  is  not  entirely  acceptable  from  the  aspect  of  environ¬ 
mental  resistance.  In  the  environment  of  N2O4/5O-5O  propellants,  this 
material  remains  unsurpassed  in  its  erosion  resistance  at  chamber  pres¬ 
sures  up  to  500  psi  for  long-duration  firings  without  regenerative  cooling. 

(U)  Therefore,  if  justification  exists  for  a  high-pressure,  long  duty- 
cycle  thrust  chamber  with  the  ^0^/50-50  propellant  system,  further 
structural  design  evaluation  of  SiC  liner  concepts  is  warranted.  Such  con¬ 
cepts  should  be  oriented  toward  circumvei:’;ng  the  critical  size  limitation. 
Potential  design  approaches  include  segmenting,  precrackirg,  or  reinforc¬ 
ing  the  liner.  Further  analysis  and  experimental  effort  will  be  required  to 
optimize  the  composite  wall  concept  for  large  scale  rocket  thrust  chambers. 
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(U)  Subscale  (100-lb)  and  fullscale  (5000-lb)  rocket  thrust  chambers  of  an 
advanced  nonregeneratively  cooled  concept  were  designed,  fabricated,  and  tested 
for  durability  at  500  psi  chamber  pressure,  using  N204/°.5  N2H4-0.5  UDMH 

propellants.  The  concept  employs  a  silicon  carbide-coated  graphite  thrust- 
chamber  liner  prestressed  in  compression  by  a  refractory  metal  outer  shell. 

The  subscale  units  were  successfully  tested  for  continuous  and  intermittent  firing 
durations  exceeding  600  seconds.  In  the  subscale  tests,  the  inner  SiC  coatings 
were  cracked  through  the  nozzle  region,  but  did  not  oxidize  or  erode.  In  both 
fullscale  rocket  thrust-chamber  tests,  the  SiC  coating  fractured  catastrophically 
during  a  5- second  test,  leaving  the  graphite  substrate  unprotected.  Test  results 
and  failure  analyses  indicate  that  a  practical  size/configu^ation  limit  was 
exceeded  for  this  structural  design  concept  in  progressing  from  the  1.75-inch 
diameter  chambers  to  the  6.0-inch  diameter  chambers.  Since  the  silicon-carbide 
coating  is  highly  efficient  from  the  environmental  resistance  aspect,  new  design 
concepts  should  be  developed  to  circumvent  the  critical  size  limitation,  (u) 
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